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FOREWORD

No other chemical propellant has excited more enthusiasm, more fear,

more controversy, and less use than fluorine. Wildly cycling interest has

spanned 20 years. There are people who have worked long with it and
believe in its potential. There are those who decry the advantages

available, and there are others who oscillate with the waves of enthusi-
asm for its use.

But fluorine has not changed. Its promise, behavior, and danger have

remained consistent while engineers ]lave come to understand it. Its

promise has been repeatedly confirmed by high performance in rocket

engine testing. Its behavior is all that can be expected from a source of

high energy. Its danger is not of the unexpected and unexplained kind

characterized by instability but is predictable and can itself be combated
by fluorine's own characteristics.

Engineering understanding is the subject of this volume with the

purpose to enlighten through the exposure of experience. Enlighten-
ment may yet lead to the use of fluorine in rockets. The role of fluorine
has still to reach fulfilhnent.

HOWARD "_V. DOUGLASS

Chief, FLO X Project Office
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PREFACE

The NASA l,ewis Research Center has conducted considerable re-

search on fluorine for rocket application. This work, and the work of

many others, has contributed technology sufficient to permit develop-

ment of full-scale propulsion systems for fluorine and to establish

ground-handling techniques for the safe use of fluorine.

The aeeunmlated technology necessary for the pr'ietical apl)lieation

of fluorine as a rocket propellant is presented in this report. Physical

and chemical characteristics peculiar to fluorine are consi(ler(_l in reltt-

t ion to specific areas in design and development of rocket systems "rod
in testing and Hunch operations. The infornmtion given herein should

l)rovide the designer, the engineer, or the scientist with information

I)eculiar to the characteristics of fluorine and fluorine-oxygen mixtures

(FL()X) to enable him to work with these fluids intelligently and

safely. An effort lms 1)(,en made to present practical information for

facility and systems design, assembly, and operation that is directly

applicable to specific fluorine or FI,()X programs.

The use of fluorine demands engineering perfection. Primarily, it
demands the highest standards in system design, maintenance, cleanli-

ness, and ol)eration:d t.ee]miques. These standards have been met con-

sistently and without great difficulty in numerous experimental facilities

where sustained test operations were t)erformed. The experience thus

gained has provided familiarity with the characteristics of fluorine; tiffs
in turn has bred the confidence that fluorine can be used as :t rocket

l)rol)ellant, either alone or as an additive, within f)resent technictd

calmtMity.

flowever, although the teehnologie'fl t)vse has been established to

permit the use of fluorine in rockets, the l)rol)lems of application in
l)ractiee (i.e., for op(,rational rocket launching) have not been fully

explored. These problems are largely related to human factors,

whether a large work force can 1)e made to adhere to the necessary

stringent operational practices :rod to the procedural discipline over the

long time I)eriods an(l throughout the eoml)lex tasks of launch opera-
t,ions.
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Chapter 1. Introduction

A major objective in the achievement of propulsion capability for
future space missions is to provide capability for heavier payloads,

h'igher mission velocities and greater operational fl(,xibility. ('onsider-

ing these requirements for improved propulsion, the propellants to be

used shouhl provide high speeifie impulse and high density, they should
have smooth ignition characteristics and permit reliabh, nmltiple start-

ing eapability perhiq)s by virtue of being hyl_ergolie, and they shouhl

offer combustion stability over wide ranl/es of pressure and propellant
mixture ratios.

Ito is generally accepted that fluorine offers the highest perforntanee

of all stable ehemieal rocket oxidizers. The unusually high density of
fluorine, eoupled with the favorable prol)ellant mixture ratios inherent

in the stoiehiometry of its eomt>ustion, decreases structural volume

requirements and improv(,s vehicle mass r:ttio.

The smooth hyl_ergolie ignition obtained when using fluorine elimi-

nates eomph,x starting, systems :md offers simple, rcliabh, nmltiple-start

ealmbility. A wide rango of throttleability is probable for propulsion

systems using fluorim,. These characteristics offer a very useful opera-
tional flexibility with an inherent potential for improved reliability.

Although the advai'ltages of fluorine have long been recognized,

ttuorine handling has remained controversial. The potential problems

in handling fluorine tend to diseourage its consideration for rocket
systems.

The probloms of handling fluorine have been ntisunderstood and exag-

gerated largely from some of the early attempts to use it as a propellant.

Failures in early experiments resulted in a common belief that on]y a
few selected materials could be used with fluorine because of its reac-

tivity. Most experiences with fluorine system failures at the Lewis

tleseareh (.'enter indicated th'tt chemical ignition initiated between the

fluorine and its containing systeln wits the cause. Since the area in

which ignition occurred was usually destroyed, the exact cause of failure

was often obscured. Itowever, after considerable experimental research,

materials compatibility t(,st programs, and a long history of successful

facility operating _'xperience, it has been shown that these early failures

were caused by eontamination. Primarily, contamination results from

the use of iml)roper system preparation and operating procedures.

Secondary causes include, improl_er choice of mt_terials and/or system

components 'md improl)er fabrication and ass(,ntbly practices.
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U. S. Air Force and NASA rcs(,arch :m_l _h,v(,I(_l_i, I_v l)rograms ]rove

l)ro(ht('(,d r(,g(q_('rativ('ly eooh'(t l)roiotyt)('s of fti_lt*-wci_ht hydrog('n-

fiuorin(' and ]:v(hazin_'-thmrin(' rocket cn_in(,s :m([ sul)poYting syst('ms

that show t)ot(,ntial for high reliability, l((_('k_'i, _h:_T_us(' fiuorin(' a_

the oxidiz(,r }m\'(, bc(,n d(,sign('d. _h'\('lol_'(t, :m,t _u,.cc,-._fully d('mon-

str.m,d in ('al)ti\c h,sts Ul) to th(' point (ff ()l)cr:_li_h:Ll ('valuation and

dov(_loI)lll(qlt. TIl('sc su('i'uss('s x,v(q'(' tKI.S(q[ HII H -()(IIH] ]la(,k_l'(}iln(] of

al)plit,d know-ll()w in Iluorin(, htmdlinv, _,yst(,m_ (I¢,-_i_1, and sS-st[qlls

Ol)('ration. NASA l('sts with ttuorim'-()×y_(ql mixiu_',,, iVIA )X. ('xi)rt_s_('d

as 1)('l'('('nt tluodm' hy xvt'iaht in the _tfixtul'('t ]n,ih'a_(' that ('urrcnt

ro('k('t sy<t(,llls ('an h(, :t(tal)tc_l to us(, FI,I)X xxitl_ l(>w fluorhw content
without major _vs_(,m modili('ation.

1.1HISTORICAL BACKGROUND

Fluorin(, tc('hnolo_y began in l_(i wh('n lh'nri M(,is_:m su('ccssfully

I)rOthwcd fluorim' t)v ch,('tr()lyzing :mhy(h'ou_ hy,l_,,_(,lt fluoride ob-

tain('(t by di,tillation from lnolt('n 1)_,tassium ;t('i,t fluol'i(h' tKtIFe).
Pr(,scnt m(,thods for l)l'Odu('ing l]uorin(' at(' fun(l:m_('niall'_' dw sam(,,

since no ('h('mi('al _'(.action has h(,(m ('h,z_rty A_,,wt) _() l)roducc free

fluorine, and all lh(' t)roc('ss('s now in us(, inelu(t(, _h_' ('h'('trolysis of a

li(luid mixtur(' _)i' l)otassium ttuorid_, and hydrovcn Iluori[l(,. Much

1)rogr(,ss ha.- bccn nladt' in volum(, l)r()(lu('tion of (4(,m(,ntal fluorin(,, and

within r('('('nt y(,ars fluorin(' has l)ass('(t from being :_ l:d)()_'atory curiosity

to an it('m of in(hlstrial l)rOdu('tion :m_l :m objc('! ()i investigation for

ro('k('t l)rOl)ulsion Ir('f. 1 i.
Prior to \\'orht War II. fluorim' _,n(,ration in lah()rat_ry quantiti(,s

wt_s difli('ull. Now ftuorinc is bt,in_ I)ro(tu('('(l on :t htr_c so!ale at a

rcasontd)h' ('o_t (r(,f. 1). 1)uring W()rhl \Val l l, tll_olq_i[, was t)rodu('cd
on an in(tustri:d _("_1(' both in the Unil('d S(:tt(,-:m<l m (h'rmany (r('f. 2).

In n('ith('r (,oun(ry wcr(' fun(lam('n_:dly m,w 1):'(_(,,.->(,-- d('v('lol)cd, but

num(,rous (liflh'ul( t(,('hnit'al l)v()hl('ms w(,r(, r(,._olv,,(i _()()t,(ain continuous,

nearly trouhh,-fr(,(' ot)Cl'ation of the th_orim'-l))'o(h_cin_ ('(,lls. \Vol'k done
in the I'nit(',l Stat(,s for the M:mhallan l)islrict yicl(h'd the basic

knowh'dg_' to establish a tlm)rhw t_'('hnolo_y. _in(',, Worhl War II

l)riv:m, in(lustYy ha.< mad(_ hu'g(' ('(mtril)uti(m_ f):tYli('ularly in the areas

of fluorin(, l)r()(hwtion and in indu_tritd al)ldi('a_i()_¢. 5,I(_._tmajor (levcl-

Ol)mcnts of Ihtorim, ro('kct tc('hnolo_y ha\(' t)(,,q_ (':t_'ri('d out llll(](_'r

gt)v('rlllnt'lH->[)Oll:orcd NASA ,:tll([ [:. S. Air t"m'_'(, i)ro_r:tms, however.

].'2 FLUORINE STUDIES AT LEWIS RESEARCH CENTER

Work to :q)i)ly flUol'in(' to rocketry at Lewis b,'_a_, with /]worctieal

studio's in 194_. Pl'onfising th_'oretical cvahtztliot_ (Z tim)tin(' with fuels
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such as .IP-4 fuel :rod hydrogen was followed by firings of 100-poun(t-

thrust engines in 1949. A major step in fluorine logistics was reached in

()ctober 1949 with th(' first (hqiv(,ry of fluorine in the liquid phase [prior

to this time all shipments were ma(te in the gD.SOOllS ])Nu.sO in 6-1tl
quantities at 400 psig). In the ye'trs 1951 to 1954, a number of studies

were con(tuct(,d culminating in the riving of low-thrust engines that

used fluorin(,-<lit)oran(,, fluovine-hy(h'azinc, and fluorine-zlnunoni:t pro-

I)elhmts. In .lanuary 1954, FLOX-.IP-4 fuel firing (,stat)Iished l()-lmV-

cent FL()X "is the minimum for relic_ble hyl)crgolicity with JP-4 (this

minimum d('l)cnds on the fu('l :rail rlttl.ff,os to al)out 30 percent for

hy(Irogen'_. In 1955, FL()X-,IP-4 fu('l tirings were mad(, "tt much high(,r
thrust l(_vcls (1000, 5500, an(t 10000 Ill). Later tests 1195S'md 1959)

with tluorin(,-oxidized (,ngines involved thrust hwcls of 20 000 l)oun(ts,
and the httcst operations have inchl(h,d the firing of a FL()X-oxidized

Athts sustainer engine (standard thrust of about 57000 lb with liquid

oxyg(,n-llP-1 l)rOl)clhmts) , and the suc('c_sful operation of a modified

RL-10 engine using hydrogen and fluol'ine to provide a nominal 15 000-

pound thrust.

A l,cwis fa('ility (fig. l-li was (h.signed specifically for high-energy

l)rOl)ell'mts and (,quit)l)(_(1 to accommodat(, substantially larger rockets

exhaustscrubber

Fmmt_: 1-1.--Rocket, engine research facility at L('wis.
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tilt) to 50 000-11_ thru._t ) than those previously tested. _illce tile facility

is located ('lost' to a l)opulateIt area, it includes :_ water-spray scrubber

to cool tile exhaust, to renlove hydrogen fluoride from exhaust products,

and to :let as a muftle,' to redu('e noise levels during Ol)ertttion. Disposal

water from this ftleility is stored in a catch tank and treated to inert

tile hydrogen fluoride content. It is then later clisl_OSe_i of in a remotely

located safe dmnping :trea. An engine test stand is also located at the

Lewis Plum Brook facility at Sandusky. {)hio I fig. I :2i. This test stand

includes prOl)ellant tanks mounted al)o\'c the roel.:cv engine to simulate

actual propcllan_ fce(I systems.

t

¸!!12¸

Fluorine transfer

trough-X
\

Fluorine \
_nk_ \

Iq_;clo: 1-2.--Rocket test fa_'ilily at Phtm t_,roc,k.

The materials evaluation ln'Ogl'am at I.¢,wis was begun in 1957.

Included were COmlrttibility studies to determine ci'fects of pressure and

flow veloeity iof both fluorhie and FL()XI on re'tctivity with metals

and nomnetals. In addition, development and evaluation of design

concepts were l,erformcd for quick diseomIeets, valves, and components

for in-line installation in fluorine systems. The most r,,,'ent work in this

:tFe,_t }Iris involved testing of sirra,lard rocket system eonll_onents modi-

fied for use ill I:IA )X concentrations with testing l+erformcd under actual
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operating conditions. Much of this work was conducted tit two Phnn

Brook test are'ts, a turbopunl 1) and seal test fa('ility, and a high-1)ressure

high-flow test facility (fig. 1-3i, whi('h includes an associated area used

for fluorine and FL()X spill tests described in chapter 3.

Containment vessel-_

/-Cold-flow system
/

/
/

r"

Destructive
testing
closet

.... Liquid-
fluorine
trailer

Viewports
(camera)

Charcoal-J*
reactors

Fua;itE 1-3.--Hi_zh-lwessure-flow lest facility at Plum Brook.

Various disposal techniques were explored that involved the use of

water, sodium carbonate, and charcoal as disposal agents for fluorine.

A signifieant eonehlsion from these studies is that ehareoal is an effective

agent for reacting fluorine to an inert product. This use of charcoal was

first reported in ,luly 1957, and was followed by a report on design of

charcoal reactors in ,hmuary 1959. Tests to define effectiveness of water

and other agents for inerting fluorine spills were also conducted in 1959,

Exploratory spill tests were made in 196-t by using small qu'mtities

(5 to 10 lb) of fluorine and FLOX on selected common materials to

determine reaction characteristics. At the same time, diffusion studies

were performed to predict patterns of reaction cloud diffusion. Ilesults

from these two 1)rcliminary studies were then used as a }msis for a large-

scale FL()X spill and diffusion study program during 1965 to establish

test and launch operations criteria for fluorine oxidized vehicles. Inver-
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zion t/enervation, :t_mosldmric hydrolysis of thJorim, to hy,h'ogen fluoride,

:md other characteristics of larg(_-spill _lif|'usion l*:tt,_'vns wCwc investi-

gated (vef. 231. This study euhninated in large spills of FLOX 13000 lb)

on charcoal and .IP-.t fuel.
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Chapter 2. Properties of Fluorine and Fluorine-Oxygen

(FLEX) Mixtures

Most rocket fuels or oxidizing agents are highly reactive, possess
h'tzardous properties, and require special and careful handling. Fluorine

is uni(tue as an oxidizer only because (1) it is ont, of the most reaetive

oxidizing agents, (2! it is toxic, and 13t its reaction with hydrogen-

containing fuels produces a toxic by-product, hydrogen fluoride (tlF).

This ehapter includes selected inform'ttion on the physie'd "rod

chemical properties of fluorine and various concentrations of FL()X

(FL()X concentrations are expressed herein as percent liquid fluorine,

by weight, in liquid-oxygen-liquid-fluorine mixtures). Conversion fac-

tors are included in the apl)endix. Additional information on fluorine

and FL()X properties is presented in chapter 3, "Compatibility of
M'tterials."

2.] THERMODYNAMIC, CHEMICAL, AND PHYSICAL PROPERTIES
OF ELEMENTAL FLUORINE

Appearance

Gaseous fluorine is yellow brown over a wide range of temperaturees

and pressures. The liquid tdepending on quantity or deptlt_ varies

from yellow to amber or light brown. The solid form at 96.37 ° II is

yellow, 'm<t as the temperature is reduced it undergoes a change in
crystalline structm'e at Sl.99 ° R to produce a white solid.

Odor

Fluorine has a characteristic halogen odor, but a difference of opinion

exists on the initial sensation (see. 9.2.11. In many circumstances some

hy_lrogen fhlovide will be present or formed in the nasal passage that

causes an odor with a slight similarity to th'tt of ozone. Texts indic'(to

that fluorine eltn he detected by its odor at concentrations of less than

1 part per million (pl)mJ (sec. 9.2.1 ).

Stability

Fluorine itself is a stable chemic:tl. In other words, shock, spark,

heat, etc., will not cause decon,lmsition. Because of its extremely reac-

tive nature, however, containers of fluorine should not t)e subjected to
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shock or high Wml_eratures because ill shock could d',mmge tile con-

tainer'rod e'au,_efailure and 12_ suIlidentlyhi_ah_'t_I,'vatureeouhl

initiate rea_'tion between the fltmrine and its eontain,,r.

Selected \':_]m's for the l*hysieal prolwrti_'s of tha{,rin,,, together with

oxygen, nitl'og¢'n, and helium, are given in table '2-1 T}le oxygen infor-

m'ttion is im,ludv_t lwe:tuse oxygen is :t VOml*Om'ut c_i' I"I.{)X. Nitrogen

and ht'lium at(' in('Iud('d b('<UlSt' tll_"," :m, ]Ii{]lll:tt,,!y :tsst)t'izt.tt'd with

fhlorilit, ,.,vs'{t,llls :is l)l'(':.-:,'.-,lll',_tlltS :tll(l ('()o]:tiils.

The twopvrti¢'s of fluorine ave l)rvsente_t in figure., :2 1 {o 2-12 and
associatt,l[ table- :2-I to 2-XIII. as shown in thv INI)EX T() PR(IP-

I';I{TIES. The tal_ular information has I)_,(,n e, titl'_{ lo relllOVe sonic

Ot)\'iO'[lS :lllOllla]i,t,s [Olllld \v]lt'ii (tit' da{_l w(q'(, cr,_ss-i_loltt,_t. More com-

plete information ou a single iWolwrly is given in lh_, r,'f¢,lenee cited.

'.,.:_ PROPERTIES OF FLUORINE-OXYGEN (FLOX) MIXTURES

The physical :m,llhvrmodynamie l}rOl>vrties of l:l.llX at, included in

figures :2-14 to 2 21, which arv lmsed on (lit' tlS:'lllil]_(]()ll tlmt fluorine

•tnd oxygen IJe[m\v as ideal fluids aml _]ml lh_,v i',,llow l{aoult's law.

The vapor-]iqui_{ t,¢lll]]i})riuln di:t_zl'am is sllowl_ ], iigur_, :2 13, and the

vapor i_rt,s,-ures for oxygen fluorine, and I:I.(IX l_fixiu_,,s :ire shown in

figure 2-1-l. V:tviations in density in l;l,()X mixlures :ire shown in

tigm'e 3--15.

Small-scale tc,..ts at l.ewis imlic:ttt'd that Ihiui_l _x3_el_ and fluorine
were eOml)h,tply l_dsvil)le in "ill prol)m'tions anal |_,n,l to be self-mixing

(ref. 11. In ad_iition, three-point eotle(,lltr_ttioll s:ulg*lin_s weft, made 2

weeks after mixing 30-1)erct'nt I:I,(IX in a htl'ge tank. whid_ confirmed

the eonc]llsions drawn from the small-scale misviifilily tv..ts. Since self-

mixing occurs slowly un_h,r zero-heat-leak eonllitiol>, smile mixing

lwoeess, such as hvliun_ I)ul_bling, is reeommende_t in practice to assure

immediatv and thorough mixing., ]mrtieul:trly in l:u'g<'slorage systems.
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2.a INDEX TO PROPERTIES

_llllllllary of fluorine, oxygen, nitrogen, and

h('lium prol)erti('s

Fluorine:

Density

V [{p()l" p F(!SSll I'C

[ {eat. ("tl)'ieity

I h_at of vaporization

Enthalpy

Entropy
Fr(_(,-('n(wgy function

\qs(!osity
Sm'faee t(msion

Th(,l'nvt] conductivity
1)i(,h,('t tic ('onstant

Equilibrium ('onstant of dissociation.
F:_-2F

TABLE FIGURE

2-I ......

2-II

2-III

2-IV

2-V

2-VI

2-VII

2-\ 7I I I

2-IX

2-X

2-XI

2-XII

2-XIII

2-1

2-2

2-3

24

2-5

2-6

2-7

2-8

2-9

210

2-11

2-12

2-13

2-14

2-15

2-16

2-17

FIA)X ifluo,'in(_-oxygen mixtures):

Boiling point diag,'am, vapor-liquid

equilit_riunt

Vapor l)ressure

l)ensity

Viscosity

Thermal conductivity

SI)('eifie heat

]h'at of Val)orization

2-1S to 2-20

2-21
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TABLE 2-I.--_ELI,]CTED PHYSICAL AND T IlERM()DY NA MI_ ]_I,,OI'ERTIE_ OF

lYLUORINE, OXYGFN, _']TROGEN, AND tIELI( M

Property Fluorine _ Oxyg_,n " Nitr-_.n "

Molecular w(,izht ........ 38.00 32.00 28.91

Normal })oiling point :

°R ................... 153.036 162.302 1 '39, t 8

°K .................. 85.02 90.168 77.32

Dtmsity of liquid at nor- 93.96 71.27 50.46

real boilimz point, lb/eu ft

Density of wq_or al nor- 0.3519 0.2766 0,28

mal boiling point, lb/cu ft

Heat of vaporizati,m at 71.514 01.6273 8570

nornml boiIin_ point. Blu/

lb

']ntrol,v of Val.>rization 0.48363 0.56451 0.(ill

lu/(l')) (° 1/) 1

]Critical Hqnl)u,I'ttttlr(, :

°R ................ 259.19,28 277.848 '227.27

_ °[,.2 ................. 143.96 154.36 126.26

Criti('al pr,,_sur(,, am, .... 55.00 49.718 33.50

Critical d,,nsiiv ]b,,'vu ft_- 29.437 26.840 1960

critical ('oml,r(,s_ibility 10.375 -0292 0.29

factor ,l

-0.40543 0.I_,56
SI)('('ifi(' h('at ()f liquid ]0.36697

(constant l)r(,._ur_, and nor- [
Ina] boiling /)om_). Btu/!

(lb)(°R) - t'_l e('i_l(' ]l(,at of g_ (con- 0.1_05 0.21_ (,.2_4

stant lU'(,ssur(, ,rod ilOl'lnal 1

boiling point), l$Iu/(lb)

(°R)

gl)('eili(' heal of ga_ (con- 0.19784 0.21(.)3 0.249

blant lW('ssure), l'_tu/flb) at 70 ° F at 70 _' F al _;0 F

/( _ R )

a Rt'fvr [o iltltll'l_prialt, Htll[i. _liltl l]ffllre ill this St'('l i(lll f_,l"_llll!l'illi, ]l/_,l_tqi i*.¢,.
h t)ro|)t,rtit,s s_qt_(.l,.,1h'onl l-efs. '2 to 5.

e Properties lor Ixilr(,gclI all,1 ht, Iillm s,.I,ctt.d fr(m_ rq.is. '2 and (_ _. 11

Helium "

4.00

7.668

4.26

7.798

1.06

9.10

1.15

I

9.37 j
5.21

2.305

4.13

0.3265 I

l15O

1.241

__ k

1.248

at 70 ° F
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TABLE 2-I.--SI,:LECTFD PHYSICAL .AND THERMODYNAMIC PROPERTIES OF

FLUORINE, OXYGEN, I'_TITROGEN, AND HELn:M--Continued

Property Fluorine "

ISpe('ific heat of gas (con- 0.14565

stant vohmw), Btu,/(lb) at 70 ° F

(°R)

Ralio of heat cal,acities, 1.3583

C,,/Cv

Tht,rnm[ conductivity of 0.0915

]iqui(l at normal })oiling

point. Btu/(hr) (ft) (°R)

Thermal conductivity of 0.00415

vapor at hernial boiling

)oint, Btu/(hr) (fl) (°R)

7_ritical lhermal conduc- 0.0231

tivity, Blu/(hr) (fl) (°R)

Absolute viscosiiy of liq- 1.65XI0-*

uid at normal })oiling

point, Ib mass/(soc) fit)

Absolute viscosity of gas 3.725X10-"

at normal })oiling point, lb

mass/(sec) (ft.)

Critical absolute viscosity, 1.2337>(10 5

It) mass/(sec) (ft)

Ind_,x of refraction of [iq- 1.200 (prob-

tfid at nornial })oiling ably 5890 A)
)oint

nd(,x of refraction of gas 1.000214 at
_tt 32 ° F and 1.0 atm 5890 A

l)ielectric constant of liq- 1,5l

uid at normal boiling[
)oint 1

Dieloctric constant of gas_ ]1.43 at

i |85.02 ° K

Oxygen "

0.1566

at 70 ° F

1.400

0.08525

Nitrogen _

0.178

at 80 ° F

1.400

0.0803

Helium _'

0.777

at 70 ° F

1.660

0.0016

0.00450 0.00546 0.00470

at 180 ° R

0,025181 0,0225 0,0063

1.28X10 ' 1.055X10-* 2.0X 10-*

5.22X10-* 3.72X10-" 8.6X10 -T

1.358X10 -_ 1.72X10 -B 9.8X10 -7

1.22503 at 1.2019 at 1.0246 at
5893 A 4358 A 5462 A

1.00027 at

5893 A

1 A6

1.000294 at

4358 A

1.43

1.O00035

1,0474

1.000523 at 1.00058 at 1,000070 at

273.16 ° K 273.16 ° K 273.16 ° K

a Refer to appropriate taldo and figure in this section for fluorine prol)erties.

t, Propertit,s selected from refs, 2 to 5.

e Properties for llitrog'en alld }lolillm sl,]et!tod fronl i'efg, 2 lllll] () t0 11.

(1 Computed by usint¢ the /,/llllltiqlll '/_ F_.I)2',IT _1.117, _A|ltq(, _ is (,xl,r(,ss(,d in mierlqmises and T in

°K (ref. 11).



12 HANDLING AND USE OF FLUORINE AND FLOX

TAttLE 2-I.---,NEL_X?TED PH'I'SIC:_L AND TtiFR_IOZ_'F'V lM1_: })It_Iq-'RTIES OF

FI.VOUIXE, OXYGEN, NITRO(_EN, .A?;I) H_:l,Itrn_ -( ',m,hlde(]

Property Fluorine _ Oxygen b ] Nitrogen _

Normal melting or freez- ]

ing point (liquid to solid [

I): . i
°R ................... 96.3,2 J 97£336 113.70

I

°K ................... 53.540 [ 54.352 63.165

q
TrJI)]e point trmpernh_re, 53.54 I 54.352 6,3.16

Triple point prc,_sur_', ahn_ 2.184Xlff a 1.448>(10 _ 0.12:_S

Triple point density, lb/

eu ft :

Solid ................. 119.81 85.65 54.89

Liquid ................ 107.064 81.58 54.50

Heat of fusion (liquid to 5.778 5.979 11.08

solid I), Btu/lt)

Entropy of fusion, Btu/ 5.9913XI0'-' 6.111>(10: 0.173

lb) (°F)

Transition temperature,

°R:

Solid I to solid II ...... 81.99 78.796 63.98

Solid II 1_o solid III ........... 42.058

(0: only)

Heat of transition, Btu/I

lbsolid- I to solid II ...... 8.237 9.990 I
I

Solid II to solid III__-- I ........... 1.261 I

Entropy of transition, Btu/!

(lb) (°R) : i

Solid I to solid 1I ...... 0.1005 0.12769

Solid II to _olid III ................ 029458

a Refer h) approl)riatr lable and figure in this sr(tion f,,l" tiu,)lil_e l,r,)per_ies.

b Properties s_'lt.ch',i tr(im rt,fs. 2 to 5.

c Proprrties for nitrogen and helium svlected from refs. 2 al_d t; *,_ 11

Helium _ i

4.49

2 A95

0,05

1.5

......................

!
3 520 ...........

........................

0.055 ...........

---_-_-_---ALL-_ ........
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TABLE 2-II.--DENsITY OF LIQUID AND (__,AS[':OUSFLUORINE

Temperature

°R I °K

PressHre_

l)sia

Density

lb/cu ft, [ g/cu em

Reference

Liquid

118.40

129.17

134.87

141.46

146.10

146.11

151.81

_153.09

156.44

158.87

159.30

162.14

164.79

165.15

170.51

175.61

180.38

184.95

65.78

71.76

74.93

78.59

81.72

81.73

84.34

"85.05

86.91

88.26

88.50

90.08

91.55

91.75

94.73

97.56

100.21

102.75

102.26

99.51

98.51

96.77

95.64

95.39

94.52

93.96

93.49

92.46

92.65

91.90

91.02

91.24

89.52

88.15

86.84

85.53

Gas (saturated vapor)

1.638

1.594

1.578

1.550

1.532

1.528

1.514

1.505

1A96

1.481

1.484

1.472

1.458

1.460

1.434

1.412

1.391

1.370

12

153.43

162

171

180

189

198

207

216

225

234

243

252

259.20

85.24

90

95

100

105

110

115

120

125

130

135

140

144

14.696

23.80

40.31

62.55

84.69

122.06

186.54

252.76

234.00

419.21

508.35

676.44

808.28

0.352

.570

.895

1.355

1.973

2.824

3.934

5.391

7.297

9.801

0.005636

.009124

.01434

.02171

.03161

.04524

.06302

.08636

.11690

i .15700

13

13.328 .21350

19.134 .30650

29.441 .47160
_ I ......

a Normal l_)iling point from r_,f. 2. Fro' seh_hM I)(51ing Vfint, seo tabh, 2-1.



14 IIANI)LING AND USE OF FLUORINE AND FI.OX

i.oL_

7o

IOO

L,_

60

i

120

I
lO

i i

, i

140 160 180 2O0
Temperature, R

80 90 100 1]0 120 130
Temperature, K

l: (;reel.:2-1--I)('nsil v ()f li_luid fll_(_rin_
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TAItLE 2-III.--VaPo[¢ PRESSURE OF LIQU[II FLUORINE

TcIll]Jcl'atllr_,

°R °K

96.41 53.56

98.98 54.99

103.61 57.56

107.82 5(.).90

168.90 60.50

114.28 63.49

114.50 63.61

117,00 65.00

11 (.).74 66.52

120.69 67.05

123.66 68.70

125.23 6(.t.57

125.98 69.99

130.61 72.56

131.13 72.85

135.02 75.01

137.70 76.50

138.91 77.17

13(.I.52 77.51

142.83 7(.).35

143.96 7!).98

144.05 80,03

147.69 82.05

149.51 83.06

150.17 83.43

152.24 84.58

"153.05 85.03

153A9 85.27

155.18 86.21

155.88 86.60

157.51 87.52

158.69 88.16

160.92 89.40

167.18 92.88

178.69 99.27

186.70 103.72

193.70 107.61

H_.18 108.99

215.6(.) I 19.83

228.19 126.77

236.68 131.49

243.68 135.38

249.70 138.72

254.6S 141.4!)

258.70 143.72

a N(nnml Iboilimr point fl'llIil l'of.

_i[])or )FUSSIIF(?

psia mm Hg

0.032

.052

.115

.195

.249

.501

.509

.686

.930

1.000

1.261

1.630

1.780

2.701

2.772

4.043

4.999

5.422

5.598

7.377

7 380

7.981

9.997

11.681

11.758

13.980

14.6(.16

15.210

16.343

17.53!)

19,389

20.000

23 589

3O

50

7O

9O

100

200

3OO

400

5OO

6O0

70(/

860

1.67

2.73

5,94

10.I0

12.89

25.93

26.30

35.50

48.12

51.70

65.20

84.30

(.)2.05

13(.t .67

143.35

209.10

258.50

280.40

289.50

381.50

402.35

412.75

517.00

604.12

608.10

722.98

760.OO

786.60

845.20

907.07

1 002.72

1 034.29

1 21(.i.89

1 551.44

2 585.74

3 620.03

4 653.20

5 171A7

10 342.90

15 514A0

20 685.88

25 857.40

31 020.82

36 2OO.30

41 371.76

6. For selected I_dling l.dnl, sin' l;d)h' 2-I.

Ref('rence

14

14

14

15

14

14

15

15

14

16

15

14

15

14

15

15

16

14

15

15

15

14

16

14

15

14

6

16

15

14

14

16

14

16
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/', ReL 15
[] Ref. 15

i

i0z

I0 I,
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T,UmE 2-]V.--HEAT (_APA('ITY OF FLI:ORINE

T(wnp(wat ure [ Heat eal)'t('ity _ --
l - - J Refer,'n('(_

oR oK I |

27

36

45

54

63

72

Sl

S1.99

Solid II

15 ] 0.O459

20 .0817

25 .1213

30 .1587

35 .1954

40 .2310

45 .2668

45.55 .2707

Solid I

45.55 ..... 0.2925

50 .3102

53.54 .3213

53.54

55

60

65

70

75

80

85.02

l,iquid

0.3604

.3603

.3599

.3579

.3566

.3589

.3628

.3669

81.99

90

96.37

96.37

99

108

117

126

135

144

153.04

(_IIS

153.04 85.02

162 91}

171 95

1£0 100

360 200

536.6!) 298.15

540 300

720 4O{)

900 5(X)

1 080 600

1 26O 706

1 440 800

1 620 900

1 800 1000

1 (,)gO 1100

2 160 1200

2 340 13(X)

2 520 1400

2 700 i 1500

1.745

3.104

4.609

6.031

7.427

8.778

10.142

10.290

17

i

11.792 17

12.210 17

13.700

13.698

13.680

13.607

13.558

13.642

13.793

13.948

17

0.1830

.1830

.1830

.1S31

.1867

.1969

.1972

.2077

.2157

.2214

.2257

.2288

.2313

.2332

.2349

.2363

.2374

.2385

.2395

6.9576

6.9578

6,9582

6.9587

7.0970

7,4869

7.4949

7,8941

8.1985

8.4184

8.5788

8,6990

8.7923

8.8670

8.9287

8,9811

9.0266

9.0669

9.1034
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T(_m

°R °K

2880 1600
3060 1700
324O 1SO0
3420 1900
3600 2000

3 780 2100

3 960 2200

4 140 23O0

4 320 2400

4 500 2500

4 680 2600

4 860 27(_

5 640 2800

5 220 2900

5 400 3000

5 5S0 3100

5 760 3200

5 940 3300

6 120 :_100

6 300 3500

6 480 3600

6 66O 3700

6 840 38O0

7 020 3(,)00

7 200 40(_)

7 380 4100

7 560 4200

7 740 43OO

7 920 4-I00

8 100 4500

8 280 4600

8 460 47(X)

8 640 4S()0

8 820 4(`)00

9 000 5060

9 180 5100

9 360 5200

9 540 53OO

9 720 5100

9 900 5500

10 080 5600

10 260 57O0

10 440 58O0

10 620 5!100

10 SO0 6OO0

TAm,f: 2-IV.--HEAT CAI'ACITY OF ]?IA:OR1NE--(_on('III(]('(]

)eratur[' Heat ('al,a('ity

Btu/(lb) (°R) ral/(moh,)('K)

.2403 9.136_

.2412 9.1679

.2419 9.1971

.2427 (`)224_

2434 9 2512

.2440 9 2767

.2447 9 30t3

.2453 9 3252

.2459 9.3 t85

.2465 !) 371 :'

.2471 !).3937

.2477 !)A157

.24S3 (`).437 t

.248S 9.45S!)

.2194 9.4,_00

.24(,)(,) (`]5010

.2505 i) .521 q

.2510 !).5t25

.2516 9.5630

2521 !).5,";31

.2526 !).6036

2532 !).6238

.2537 !).(;l:',S

.2542 !).(163_

.2547 9.6_;37

.2553 9.7036

.2558 9 523t

.2563 9.7431

.256S 9.762S

.2573 9.7824

.2578 !) ,_o20

.25S4 !),_216

.2589 9.S411

.2594 9.S(i()6

2599 9.£s()(_

.2604 9.S994

2609 0.!)I_,',

.2614 9.!)3'_2

261!) 9.957(;

.2621 !).!)76(_

.2630 9.!19(;2

.2635 10.0155

.2640 1o.03 t

.2645 10.051 l

.2650 10.()733

Reference
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• 375--

•350

• 325

.300

•275

o_ .250

_- .175[-._

-150f•125 -r

•100f
•075

•050L
•025

_9.5
o

-_ 9.C
E

N 8.,

-t-

"i'  L,iu,°
,..<rMelting point, 53.54° K

1,f
] / _ __ point, 45. 55 K

,/
10 20 30 40 50 60 70 80 90

Temperature, °K
[ J J i I L I _ I , ] , I i I

20 40 60 80 100 120 140 160
Temperature, °R

10.5

10._]

7.

5.
100 206 400 600 1000 2000 40006000

Temperature, °K

(a) Liquid and solid (r_'f. 17).

(b) (;as (ref. 5).

FZ_;I;_E 2-3.--Heat capacity of fluorine.
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TABLE 2-V.--HEAT_ OF _rAPORIZATION OF lgL_Y(}IIINE

T_mI)_'rature Heat of vaporization "l

°tl ] °K-- .... Btu/lb ('al/g i

,5343i 8 .24 71.526 3:).73°,,

}_eference

13

69.252 38.473

66.694 37.052

63.947 35.526

61.105 33.(,)47

57.931 32.18 l

54.473 30263

50.636 28.131

46.326 25.736

41.163 22.868

34.721 19.289

25.437 14.131

6.39 3.55

162 90

171 95
1S0 100

1S!) 105

198 110

207 115

216 120

225 125

234 130

243 135

252 140

25920 1,14 2
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8o

L
150

90 100 110 120 130 140
Temperature,°K

[ _ I J I i I i I .
170 190 210 230 250

Temperalure, °R

FIGUltI,:2 4.--H<,ats of v;q>orization of fluorin(+ (ref. 13).

1
150

J
270
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TABLE 2-rI.- -ENTIIALPY OF ( _,'_SE(IUS FI.uOl_i NF AT 1 ATMOSPtfERE

"FI,]II] I('F[t( HF(?

I °K ___
$5.02

90

95

100

120

140

160

180

20t)

220

240

260

280

298.15

300

40O

5O0

6O0

70O

SO0

9OO

1000

llO0

1200

1300

1400

1500

1600

1700

1800

1900

2(/00

2100

2200

2300

2400

Btu/lb

27.975

29.616

31.264

32.912

:]!1.506

46.108

52.728

59.380

66.076

72.830

79.652

86.550

93.528

99.93 l

100.589

137.067

175.216

211.6O2

254.87-I

295.809

337.241

379.071

421223

463.645

506.2,q5

549.148

592. 186

635.3S5

678.736

722.233

765._63

809.621

853.5(12

897,265

941.619

985.846

<,I/nloh'

590.59

(}25.2-1

66O .03

691 _2

$34 .03

973.42

1 113.18

1 253.6_1

1 394..q7

1 537,5(i

1 681.59

1 827.21

1 !t74.52

2 10!t.7

2 123.6

2 8.(t3.7

3 699.1

4 530.6

5 380.8

6 215.0

7 119.7

S 602.S

S S92.7

9 7gS.',]

10 688.7

11 593 A

12 5(12.0

13 414.0

14 329.2

15 2t7.5

16 168.6

17 0(.t2.4

lS OP;._

1,_ 942.7

19 879,1

20 ,q12.,R

_R

153.04

162

171

lSO

216

252

288

324

360

3_

432

468

504

536.69

54O

72O

900

1 080

1 260

1 440

1 62(I

1 800

1 98(/

2 16(/

2 340

2 520

2 7O0

2 880

3 06O

3 240

3 42(I

3 600

3 780

3 960

4 140

4 32(1

Reference

5
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TABI,r; 2-VI.--ENTII:_Lpy OF GASEOUS FLUORI NI.: AT 1 Az?,tosplI_,:Itz--Concludo(i

TeH

°R

4 500

4 680

4 860

5 040

5 220

5 400

5 580

5 760

5 940

6 120

6 3OO

6 480

6 660

6 840

7 020

7 200

7 380

7 560

7 740

7 920

8 100

8 280

8 460

8 640

8 820

9 ()(X)

9 180

9 360

9 540

9 720

9 900

10 080

10 260

10 410

10 620

10 800

°K

25OO

2600

2700

2800

2900

3000

3100

3200

33O0

34O0

3500

3600

3700

3800

3900

4OO0

4100

4200

4300

4400

4500

4600

4700

48O0

4900

5000

5100

5200

5300

5400

55OO

56O0

57OO

5800

59O0

6000 l

Btu/lb

1030.177

1074.622

1119.165

I163.819

1208.565

1253A29

1298.385

1343.436

1388.587

1433.837

1479.181

1524.625

1570.160

1615.793

1661.522

1707.344

1753.258

1799.271

1845.373

1891.570

1937.833

1984.245

2030.721

2077.288

2123.950

2170.701

2217.548

2264.484

2311.510

2358.631

2405.847

2453.148

2500.543

2548.029

2595.610

2643.275

)eratur(_

23 627.5

24 570.1

25 514.9

26461,9

27 411.0

28 362.1

29 315.3

30 270.6

31 227.9

32 187.3

33 148.6

34 112.0

35 077.4

36 044.8

37 014.1

37 985.5

38 !)58.8

39 934.1

40 911.4

41 890.6

42 871.8

43 854.9

44 840.0

45 827.0

46 816.0

47 806.9

48 799.7

49 794.5

50 791.3

51 789.9

52 790.5

53 793.0

54 797.5

55 803.8

l'_nthalpy
Ref(,renee

('al/moh,

21 748.7

22 687.0

_I
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TAm.E 2-\'I I.--I';NTROVY OF SOHD, l,Iq_'n), XXD (;_SV'_I S I:Lt:ORINE

Tpml_(,ral urn, [ t';nl 'opy

1 i tl,,forenee°ll "K ]{lu/(lh) (°R) cal/(mol_.) (' t(

27

36

,15

54

63

72

S1

S 1,99

S 1.9(.)

9O

_3.37

96.37

9(.1

Ills

117

126

135

144

153

153.036

153.036

152,.04

162

171

1SI)

360

5:t6.69

540

720

9(X)

1 080

1 26(1

1 41(1

1 62(1

1 Sl)()

1 !1S0

2 160

2 340

Solid II

15 ] 0.01(.t5 0.741 14

20 l .0375 l A2225 06(10 2.276

30 ! 0854 ;I.245

35 .1126 .t.281

40 .1411 5.3113

-t5 .170:1 6.475

45.55 .1736 6.599

Solid I

45.55 0.2740 10.417 14

50 .3021 11.4 ",,0 |

53.54 / .;1238 12.3i)S
L

IA(luid

53.54 0 .;_37 14.5_(i 14

55 .3934 14.955

60 A247 16. 146

65 .4535 l 7.239

70 .479(.t 1_.2,t5

75 • .5046 l!} 1_2

SO .5279 20.067

£5 .5500 20.907

';5.02 .5500 20.909

( \'al ,()r) 1.033-t 39.2S7

(_as

T

s5.02 1 .o,los I 3(.).5665 5

911 1.0512 [ 393.t625
!15 1.0611 .I(}.33s7

l O0 1.0879 ! 1.35.(t0

2i)0 1.1980 45.51;/7

2(1S, 15 1.2744 -1S.4160

;111/I 1.2756 4S. 1!12,1

-10i) 1.3338 50.7051

500 1.3S 10 52.501 I

600 1.4209 54.016 t

700 1.455,t 55.32()'_

SO0 1.4_57 50.1S05

900 1.512S 57.5107

I0()0 1.5373 5,S.t t 11

1100 1.5600 59.2S92

1200 1.5801 60 06£,1

L 1300 1.59(.)} 60.7_91



PROPERTIESOFFLUORINE 27

TAI3LE2-VII.--ENTRoI,'_'OF Sin,n), l,lqrn), AND (IASEOUS FLUORI NE--Con(:lu(tcd

Teml)eratu re Entrol)y

°R

2 520

2 700

2 880

3 060

3 240

3 420

3 6OO

3 780

3 960

4 140

4 320

4 500

4 680

4 860

,5 040

5 22O

5 400

5 58O

5 760

5 940

6 120

6 3OO

6 480

6 660

6 840

7 02O

7 200

7 380

7 560

7 740

7 (.}20

8 100

8 2,_0

8 460

8 640

8 820

9 000

9 180

9 360

9 540

9 720

9 900

10 080

I0 260

10440

10 620

10 800

o K

1400

1500

1600

1700

1800

1900

2000

2100

2200

2300

2400

2500

26fl0

2700

2_,00

2900

3006

3100

3200

3300

3400

3500

3600

370(I

3800

39O0

4(}0O

4100

4200

4300

4400

4500

4600

4706

4_(}0

4900

5000

5100

5200

5300

5400

5500

5600

5700

5SOO

5900

6001)

Btu/(ll))(°R)

1,6167

1.6332

1.6487

1.6632

1.6771

1.6902

1.7026

1.7145

1.7259

1.736S

1.7472

1.7573

1.7669

1.7763

1.7853

1.7940

1£025

1,8107

1.8186

1.8263

1.833S

1.8411

1.8482

1.8552

----- ](eference

cal/(nloh,) ( ° K)

6 1.4595 5

62.0864

62.6750

63.2298

63.7547

64.2527

64.7265

65.1785

65.6106

66.0246

66.4220

66._041

67.1721

67.5270

67._698

68.2014

68.5224

68.8366

69.1356

69.4289

68.7141

69.9916

70.2618

70.5252

1.8619 70.7821

1.8685 71.0329

1.8749 71.2778

1.8812 71.5172

1.8874 71.7513

1.8934 71.9803

1.8993 72.2045

1.9051 72.4241

1.9108 72.6393

1.9163 72.8504

1.9218 73.0573

1.9271 73.2605

1.9323 73.4599

1,9375 73.6557

1.9423 73.838l

1.9475 74.0372

1.9524 74.2232

1.9572 74A061

1,9620 74.5860

1.9666 74.7631

1.(.)712 74.9375

1.9757 75.1092

1.9802 75.2783
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10 20 30 40 50 60 70 80 _0

Temperature, °K

20 40 60 80 100 120 140 160

Temperature, °R

8O

o

E

w
O _ ,

40i
_(b) II i

6O IO0

T

i• i

200 400 600 1000 2000 40006000
Temperature,°K

(,,) S()lid and li(luid (r(,f. l.t).

(h) Gas (r,'f. 5).

2-6.--I'mt lop',FI(;t'ItE " . , of ftq(n'ine,
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TABLE 2-VIII.--FIIEF,-F, NERr;y FUNCTION OF _LUORINE

Fre_>energv function, -I

Temperature --(F _ tlo?

°R °K Btu/lb ('al/mole

Reference

Solid II

27
36

45

54

63

72

81

81.99

81.99

9O

96.37

1

96.37

99

108

117

126

135

144

153

153.04

15 0.155 3.270 14

20 .408 8.620

25 ,843 17.800

30 1.4.96 31,590

35 2.386 50.365

40 3.526 74.440 [

45 4.926 103.995

45.55 5.096 107.589

Solid I

45.55 _- 5.0.96[ 107,589 l.... 14-

50 | 7.406 ] 156.350 _ I

5354. _ 9404. r_, 198526,,., ]

Liquid

53.54

55

60

65

70

75

80

85

85.02

9.404

10.423

14.108

18.064

22.268

26.701 !

31.349

36.200

Vapor

153.04

144

180

216

252

288

324

36O

450

536.69

198.526 14

220.055

297.840

381.355

470.120

563.700

661.840

764.235

764.50O

85.02

90

100

120

140

160

180

200

250

298.15

131.37

140.75

159.85

199.02

239.30

280.53

322.58

365.38

475.20

584.25

2 773.4

2 971.4

3 374.7

4 201.7

5 052.0

5922.4

6 810.2

7 713.8

10 032.3

12 334.5

Fre_. enorgy minus dwmi(.al onvrgy at 0" g 'h_r liquid al_d solid l)hasvs and at the I)oiling point

for gaseous phas(,s.

__ ;;;704 i ] 85"02 - t ---36.231 _[ _j1764.840 l 14

Gas



30 HANDLING AND USE OF FLUORINE AND FLOX

TABLE 2-VIII.--FREE-ENER6Y FUN( 'rION OF FI.vOm_ _: -Continued

Temperature

o R °K

54O

720

9OO

1 080

1 260

1 440

1 620

1 8OO

1 980

2160

2 34O

2 520

2 7OO

2 880

3 060

3 240

3 420

360O

3 78O

3 960

4 140

4 320

4 500

4 680

4 860

5 O40

5 220

5 400

5 580

5 760

5 940

6 120

6 300

6 480

_i 66O

6 840

7 020

7 200

7 380

7 560

7 740

7 920

8100

m Free eIler_y minus chemical

for gaseouH phase6.

300

4OO

5OO

600

7OO

800

900

loo0

1100

1200

1300

1400

1500

1600

1700

1800

1900

2000

2100

2200

2300

2400

2500

2600

2700

2800

2900

3000

3100

3200

3300

3400

35O0

36OO

370O

38OO

3900

4OOO

4100

4200

4300

4400

45OO

Free-energy ftlncfioII,

--(F--H,,)"

Btu/lb

588.50

823.64

1 068.19

1 320.56

1 579.59

1 844.14

2 114.46

2 389.11

2 667.97

2 950.67

3 236.92

3 526.47

3 819.09

4 114.58

4 412.78

4 713.53

5 016.71

5 322.18

5 629.85

5 939.61

6 251.38

6 565.07

6 S80.60

7 197.91

7 516.93

7 837.60

8 159.87

8 483.68

8 808 99

9 135.75

9 463.93

9 793,47

10 124.35

10 456.52

10 789.95

11 124.62

11 460.49

11 797.53

12 135.72

12 475.04

12 854.45

13 156.93

13 499.46

cal/mole

12,12,t.2

17 388.4

22 551.4

27 87!)3

33 347.9

38 939 4

44 6399

50 438.3

56 325.4

62 293,8

6_ 337.1

74 4499

g( _ 627.6

86 $65.9

9',; 161.5

99 510.9

105 911.5

112 360.6

11S 856.1

125 395.7

131 !)77,6

13S 0OO, 1

145 261.5

15 l 96(}A

158 695,5

165,165.4

172 269.1

179 105.3

lS5 973.2

192 871.7

199 800.0

206 757.3

213 7t2.6

22(} 755.3

227 794.7

234 860.2

241 951.0

249 066.5

256 2t_,3

263 369.8

270 556,4

277 765.7

284 _17.2

ener_" at 0: K for liquid and solid t,h_,ses

Reference

ahd at the boiling point



8 280

8 460

8 640

8 820

9 000

9 180

9 360

5 540

9 720

PROPERTIES OF FLUORINE

TABbE 2-VIII.--FrtEE-ENF_aay FUNC'rION OF FLuoRINE--Cone]uded

Free-energy function,

--(F-- H,,)"

99O0

I0 080

10 260

10 440

10 620

10 800

Tem )erature
Reference

°R °K Btu/lb cal/mole

513 843.02

14 187.60

14 533.16

14 879.69

15 227.18

15 575.60

15 924.94

16 275.19

16 626.32

16 978.33

17 331.20

17 684.91

18 039.45

18 394.82

1S 750.99

31

46OO

4700

4800

4900

5000

5100

52O0

530O

5400

5500

5600

57OO

58OO

590O

60OO

292 250.4

299 524.9

306 820.3

314 136.2

321 472.3

328 828.1

336 203.3

343 597.6

351 010.7

358 442.1

365 891.8

373 359.3

380844.3

388 346.7

3958663

a Fr(_ energy minus chemical energy at 0 ° K for liquid and solid phases and at the boiling point
for gaseous phas[_s.
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SolidII

v,
o

E

2
15 25 35 45 55 65 75 85

Temperature,°K

6OO0

4OO0

t

i !

tO00

100 - [
2000 40006000 tO000 20000 40000

• -___! i . i --

!i

too000 20o000 40o000
Free-energyfunction, -(F - HO),cat/mote

(a) Solid and liquid (r(,f. 14).

(b) Gas (rfff. 5).

I_(;_:RE2-7.--]:ree-en_rgy ftm_:tion uf fh_orin_,.
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TABLE 2-IX.--VIscosITY OF FLUORINE

(a) Liquid

Tem )erature Viscosity

lb force/ Reference

°R °K (see) (sq ft) cP

18
124.6

131.9

135.5

140.8

145.5

149.9

69.2

73.2

75.3

78.2

80.9

83.2

8.6526 X 10 -6

7.289

6.851

6,245

5.743

5.368

0.414

.349

.328

.299

.275

.257

(b) Gas

Viscosity
Pressure

psia

14.657

14.657

14.657

14.773

14.773

14.773

14.754

14.754

14.754
(a)

(rt_

oo

Temperature

°R

156.2

162.0

214.0

267.8

302.2

304.7

346.1

360.0

383.6

413.3

448.0

491.8

520.4

588.8

768.1

847.8

o K

86.8

90 .O

118.9

148.8

167.9

169.3

192.3

200.0

213.1

229.6

248.9

273.2

289.1

327.1

426.7

471.0

lb force/

(see) (sq ft)

0.555

.767

.875

1.080

1.201

1.424

1.379

1.680

1.492

1.611

1.727

2.093

2.345

2.547

3.080

3.290

1.1592 X 10 -9

1.6020

1.8275

2.2551

2.5084

2.9742

2.8802

3.5089

3.1162

3.3647

3.6070

4.3714

4.8978

5.3197

6.4329

6.8715

cP

X10'

Reference

19

20

19

19

19

20

19

20

19

19

19

19

20

20

20

20

I Approximately atmospheric pressure.
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8-

70

120 130

i.i
75 80 85 90 95 100 I05

Temperature, 'K

I l _ L_..... ____
140 150 160 170 180 190

Temperature, °R

FICUBE 2-8.--Viscosity of liquid fluorine.

TABLIq 2-X.--Su['IFACE TENSION OF glquII) ]_'I.UORINE

T(,mt)(_rature

°R

119.18

124.56

126.47

127.13

128.16

129.69

131 26

132.03

135.16

135.34

135.5:1

137.52

138.87

140.76

143.S2

145.80

°K

66,21

69.20

70.26

70.68

71.20

72.05

73.20

73.35

75.09

75,1!)

75.30

76.40

77.15

78.20

79.90

SI,O0

Sllr fac(_ t ('nsion

122.65

121.28

119.23

119.23

116.62

114.43

115.53

112.99

111.55

111.01

108.95

107.79

105.52

101.48

100.04

1790

17.70

17.40

17.4(I

17 02

16.70

1 fi.,_6

16.,19

16.28

16.20

15,.40

15.73

15.,t0

14,S1

1,1,60

Reference

21

18

21

21

18

21

18

21

21

21

18

18

21

18

21

18
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r_

120

c
o

i-._ 110

l_xlO-5

tO0

19

15

14
65.o

\

o,,.
O_

67.5

i

A
0

\

\

120

70.0 72.5 75.0 77.5
Temperature, °K

I I I I
125 130 135 140

Temperature, °R

FmuRr" 2-9. Surface tension of liquid fluorine.

Sot_rce

Ref. 18
Ref.21

80.0 82.

I
145
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T.xu, t.: 2-XI. TIIERMAL CONI)UCTIVITY ¢}1_"FLUOI(INE

(a) Liquid fluorine!

-Ten]tleraturf- l've_-sur¢' - ...... q]_(,rn]t_l c¢m(tuclivilv -- ---
t " t{,ference

°1,2 ])sia arm Btu/(ft) (hr)(°R) ,'al/(('nl) (s_'_') (_:K)

s]75! 37l 3,52 883x107 I 3.65><10' 22
81.7 ] 87 6.92 8.95 ] 3.70

81.8 _ 5 1.34 8.83 ] 3.65

81.8 ] 187 13.72 9.00 ] 3.72

81.8 [ 390 27.53 ,(t.05 " 3.74

85.0 [ 37 3.52 8.56 3.54

85.0 i 187 13.72 8.64 3.57

92.2 I 20 2.36 7.89 3.26

92.2 ] 390 27.53 7.98 3.30
94.3, 187 13.72 7.62 3.15

94.5 37

104.5 $7

104.5 187

104.5 32g

107.1 87

114.5 187

114.7

115.9

116.1

123.0

126.0

128.0

o R

146.7

147.1

147.2

147.2

147,2

153.0

153.0

166.0

166.0

169,7

170.11

188.1:

188.1_

188.11

192.8!

206.1

206.5

208.6

209.0

221.4

226.8

230.4

3.52

6.92

13.72

23.31

6.92

13.72

380 26 85

306 21.82

168 [12.43
250 ]18.01

285 20.39

340 24.13

Temperature ]

270 _ 150

360 | 200
450 : 250

493.2 273

540 300

630 350

720 400

810 450

900 500

990 550

1080 600

1170 650

1260 700

1350 750

1440 800

(b)

7.55 3.12

6.85 2.83

6.8,(t 2.85

6.99 2.89

6.58 2.72

5.95 2.46

6.02 2 A9

5.95 2.46

5.85 2.42

5.32 220

4.94 2.00

4.69 1.94

Gaseous fluorinc at atmosphcrv

Thermal conductivity
Reference

Btu/(ft) (hr) (°R)

4.98X10 _

7.76

10.55

13.16

14.32

15.55

17.80

19.91

21.99

24.02

26.08

28.21

30.26

32.32

34.30

36.36

cal/(cm! is-,')

0,0000206

.0000321

.0000436

.0(100544

00011592

.0000643

.O0O0736

.0(}00823

.001t09(19

.00(10993

J)O01078

.0001166

.0001251

.00O 1336

,0(}01,11S

.0001503

(°K)

23
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TABLE 2-XIL--DIELECTRIC ()ONSTANT OF LIQ[ ID FI,UORINE

r(qnperahn'e I)ieh'vl ril_ ]

OR o K constant [
£

103.32 57.40 1.567 i
108.92 60.51 1.561 !

115.94

123.07

131.40

135.02

142.92

149.78

64.41

68.38

73.00

75.01

79.40

83.21

1.553

1.546

1.536

1.533

1.524

1.517

lh,ference

T,-_,BLE 2-XI II.--I':qUILIBRIUM CONSTANT OF I)lSSOCl.VrIt)N AS FUNCTION OF
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Chapter 3. Compatibility of Materials

In the early stages of fluorine technology development, a number of

failures occurred that were characterized by a chemical ignition between
the fluorine and its containment system. Since the zone where ignition

occurred was usually consumed in tile reaction, the exact cause of failure
was often obscured. Evidence indicated that either tile incompatibility
of materials o2' contamination was the cause.

To define compatibilities of materials imetals and nonmetals), a

series of investigations was conducted at Lewis with both fluorine and

FL()X. Test. results indicated that, with proper design and selection of

materials, reliable systems can be built. Successful operation can then be

assured by scrupulously maintaining the system free of contamination.

Most. common metals of construction are compatible for use in a

fluorine environment. Metals can burn with fluorine (or oxygen) only if

the reaction is initiated by inducing combustion at the reaction zone by

reaction of a secondary material (eontaminantl or by localized addition

of energy, such as friction, impact, or heating to ignition temperature.

Tile choice of metals for use in fluorine systems is primarily based on

property requirements for a given aptflieat.ion, such as strength and

shock resistance at cryogenic temperatures, welding and brazing or
soldering characteristics, and thermal conductivity. Considerations

peculiar to the fluorine environment would include exposure to friction

(film characteristics), the ignition temperature of tile metal in fluorine,
and resistance to hot and cold hydrogen fluoride.

Many inorganic nonmetals can be used in limited applications with

fluorine, including fused metal oxides and fluorides Icermets'l, Pyrex,

and all fully fluorinated compounds. Partially fluorinated materials

nmst be considered as a special ease. Most notable of these are poly-

tetrafluoroethylene (TFE) and polyehlorotrifluoroethylene (PCFE_ be-
cause of their resistance to reaction with fluorine and FLOX. These

polymers have been used successfully for gaskets and seals in limited

applications.

:3.1 CHARACTERISTICS OF FLUORINE AND FLOX

a.l.1 Chemical

Fluorine is one of the most powerful oxidizing agents known and can

react with practically all organic and inorganic substances. The few

49
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exceptions inclu,h' the inert gases [under normal ,'ondilions of contact'l,

fluorinated comt)ounds in their highest state of oxidation, and a few

fluorinated polymers. Even these polymers may burn in fluorine atmos-

pheres if reaction ix initiated. The rt,action characteristics of FL()X are

similar to ,hose of fluorine, except that, :It lower conc,.ntrations, FL()X

mixtures tend to become less hypergolie as the I)ct','cni fluorine in the
mixture is th, crea,ed.

The activation encvg, y required to initiate eonlbusliot_ with ttuorinc is

generally much lower than that I:'e(luircd for any other _,xidant. Fluorine
molecules in a ltuorine system ave always at a st'ate: ,)f m_ergy (with

respect to a l)OSsible reactant) that is closer t_) their .tctivation energy
than other oxidizers in comtmrable systems. In fltcl, niany materials

react. Sl)ontalleO_.ls]y on eXllOSlll'e to _]llOl'ine evtqi tit \'(qw low tempera-
tures. In conccntrtttions as low as 5to 101)crccnt, I:I.(}X ignites spon-

taneously with nl:.tny materials and reacts with clmrcl):tl at concentra-
tions of less thaD. 1 I)('l'('ent fluorine (ref. 11.

\\'hcther or m)t a substance will burn Sl)()ntant'ously oll eXl)OSUrC to

fluorine or FI,I)X d('l)cnds on th(, ('ou(titions of t'×I:,osHre. The most

important liaramcters affecting these con(titions are

i 1) Initial tlqilp(q'attll'e all(t l)l'eSbUl't' of the .,-yst('n,

(2t Tlwrmal conductivity of the Sllt)St:tll('e. if {]ll, reacting material
is a solid

(31 Particle size (or sui'fact' al't'a exposed, with vespvct to the mass

of substance )

(4) ])egrce of dynamic or static eXl)OSUVe

(51 Conc(,nlration of fluorine in a mixture such :is FIA)X

3.1.1.1 7'empcr(_ture cffects.--Partially oxidized material may be fully

oxi(tized by CXl)OSm'e to an oxidizing atmoslihCrc at :t suitable tempera-

ture; this is particularly true with fluorine iref 2). Fluorine has the

highest oxidation l)otential of :Ill the elements, and ordinary oxides may
be consi(h,r(,d t() b(, in a state less than maximum oxi,lati(m since fluorine

('tin rvl)lac(' th(' ,)xyg_'n atoms with sufticient h('at release to maintain
conlbustion. ]']yen fir(d)riek (Al_():_-Si()_) will burn in fluorine as was

(lemonstratc(t -_'t l_(,wis. A fluorine-hydvog('n torch was used to heat the

tircbrick to a high (clul)et'aturc. The hy,h'ogen was til('n shut off, and

the brick lu,gan Io bul'n vigorously with the flu[win<

The reaction of lluorocarl)on l)olym('rs with ttuorinc is another exam-

pie of reaction to 'l higher state of oxi_lation. Polytetrathmroethylene
(CF:-('F_t,. for ('xample, is a t:tUOFO('I.IFI)OlIchain I)olynkcr, but fluorine

is cal)al)h' of br(qtking the (,arbon-(,arl)on bon(t and r(!ac_ing the carbon
to a higher (h_g,vce of saturation, forming carl_on _ctl'aituoride (CF_).

lleaetion may t)(, initiated t)y re:t('hing the ignition teml)erature or by
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providing activation energy mechanically t)y impact, friction, high flow
velocities, or by reaction with a contaminant.

3.1.1.2 Pressure effecls.--A pressure increase can also promote reaction
initiation with fluorine (ref. 3). A group of nonmetallic nmterials

was tested under static conditions for COml)atibitity with 1)oth liquid

and gaseous fluorine at atmospheric pressure "tnd 1500 l)ounds l)eV square
inch gage (ref. 4). In most of the tests in which no reaction occurred

at atmosl)heric pressure, reaction was initiated by a pressure increase.
These tests are discussed in section 3.3.1.

3.1.1.3 Thermal cot_d_ctivit!l.--Materials with a high thermal con-

ductivity resist ignition with fluorine more readily than materi'tls with

low conductivity. Combustion with fluorine will not occur if the heat of

reaction can be (tissit)ated from the point of ignition fast enough to

maintain the temperature below the ignition point of th(' lnaterial

involved (ref. 5). In an actu'd case, a brass flowmeter was installed in

a stainless-steel, liquid-fluorine flow line (fig. 3-1). Ignition occurred
at. the flange connection between the two metals and resulted in destruc-

tive combustion of the flange materials as well as a considerable length

of the stainless-steel line. At the _urf'_ce of contact between the two

metals, the steel material was reacted completely away, leaving the end
of the brass fitting unaffected.

FIGURE 3-1.--Results of fluorine burnout betwe(_n stainless-steel flange and

brass fitting (ref. 2).
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3.1.1.4 Surface-area effects.--Fluorine will react with the surface of

nearly all solid materials. If the material is not spontaneously com-

bustible (like most metals}, surface reaction simply forms a fluoride film

on or in the surface. If, however, the surface area ext)osed to fluorine is

very large in proportion to its mass te.g., iine-n,,'sh screen or finely

divided nlaterial such as powdered metal or spun glass! the heat of

surface reaction may initiate combustion and th,, material becomes

spontaneously reactive heeause the rate of heat dissipation is reduced.

a.l.l.a Dg_amw amt static effects.--Tests at l,ewis have shown that

most materials are less resistant to reaction when exposed to a fuorine
or Iq,OX environment under kinetic I flow! conditions than under static

conditions. These tests show that

11} Flow conditions contribute to the activation energy required to

initiate reaction (i.e., reactivity increases with increase in rate of flow).

12t Activation energy and/or flow conditions ro_luired to initiate reac-

tion with FI,t)X is/are greater than that required for ttuorine.

:_.1.2 Reactions

a.1.2.1 Rcactio_ u'ith water.--Tests at l,ewis (ui_published data} have

shown that two types of reaction can occur witt, waWr: a slow non-
combustive reaction and a fast combustion reaction. The occurrence
of combustive reaction in these tests was determinc, t to be a function of

the water (h'oph't size and the fluorine concentration. Water vapor will

react combustively with fluorine an(t with FL()X as a function of the
FLeX concentration. I FLOX concentration is expressed as the percent

fluorine by weight in the mixture.
Fluorine can be bubbled through water without combustion; however,

at. room temperature, the vapor above tile liquid will sometimes ignite
and burn with the fluorine. As ice, water shows no al_t)arent reactivity

with gaseous fluorine; however, an explosive reaotion occurs when ice

is exposed to liquid fluorine (or when liquid fluorine is dropped into
water). This reaction is usually preceded by a variahh_ and unpredict-

able induction period, which is affected by pressure and flow conditions.
The results of a fluorine-ice reaction are shown graI)hically in figure

3-2. The section of tubing shown was part of a fluorim' tlow system that,

was evacuated while partly immersed in liquid nitrogen. When an un-

known leak permitted air to get into the system, atnmspherie moisture

apparently condensed and froze in the tubing :It the liquid-nitrogen

level. Tile resulting explosion occurred when liquid tluorine contacted

the ice during tank pressurization. Water, i)_ ttte /arm o/ moisture i7_

the atmosphere or co_taitwd i_ pressura_l o_" p_.,!]_ (icls_'s which were

inadverte_tl_j ,_dco&wed b_to a crgo_/e_de fl_orip,e or I:L()X sgstem, has

bee_ a major c(_..sc_ o� fl_torine system/.ib_rc,_ (se,: sec. 5.2.6.1).
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FIGURE 3-2.--Result of contamination in Monel propellant line carrying

liquid fluorine (ref. 2).

Spill tests have demonstrated that 30-percent FLOX will not usually

react combustively with w'iter (refer to section 3.4). However, that

some reaction does occur is shown by the decrease in pH (increase in
acidity) in the water during these spill tests. Lewis tests involved

dumping FL()X into a pan of water and into a showerhead spray.
Unpublished data from Rocketdyne Inc. indicated that similar results

occurred when FI,OX was dumped into a water fog; a combustive
reaction (tid not occur in either case. It is concluded that some FL()X

concentration higher than 30 percent would be required to obtain reliable
ignition with a water spray. In general, the reactivity of fluorine at any

given concentration is a function of particle size, being nIore pronounced

with fine water sprays or fogs than with coarse sprays. When the water

present is in vapor form (e.g., humid airl, the reactivity is a function of

fluorine-lnoisture concentration, teml)erature, and rate of lnixing or
diffusion.

aA.2.2 Reaction with carbon.--The reaction of fluorine with carbon has

been the suhj(,ct of considerable investigation. Experience at Lewis

has shown that the characteristics of reaction-ignition obtained with

carbon are determined largely by its state of crystallinity {Tref. 6). In

addition, the reactivity of carbon is dependent on its state of subdivision

(particle size) and the temperature. Graphitic or crystallized carbon

tends to react explosively with fluorine after an indeterminate induction

period in a manner similar to that of ice; amorphous carbon and char-

coal are highly hypergolic with fluorine and react smoothly at all condi-

tions, even at very low fluorine concentrations (refer to section 3.S.3.6

and ref. 6).

The higher activation energy of crystalline carbon, as opposed to

amorphous carbon, is probably a result of the carbon-carbon bond,
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which forms an orderly hexagonal pattern with a tamellar structure. If

re'lotion is initiated, however, it is self-sustainina an,l produces the same

reaction 1)rodm'ts as immrphous carbon does.

The reaction between fluorine and amorpllou._ carl)on is a nmst

important and useful chemical reaction in the handling of fuorine or

FL()X, since it provides a feasible method for reacting fluorine to a

chemically im'rt and relatively nontoxic gas that can t)e vented to the

atmosphere. Fluorine and carbon react to t)ro_iu('e lu'imarily carbon
tetrafluoride ((TF,I with trace amounts of other fluorocarbons {e.g.,

C.,F,;).

The nontoxieity of fluoroe'trbons has been est'd)li.-hcd in some limited

experiments, aml reference 7 states that "The ttuorocarl)ons are prob-

ably the mo_t non-toxic organic compounds 1)ossil_lc . . ." Reference 8
gives carbon tetrafluoride a toxicity rating of moderate (temporary

effects, not sev(q'e enough to threaten li% or cause t,_,rmanent physical

hnp'drment). The source data for this ratingttr(.uo* given, and it may

be that the indie'tted toxicity might take into 'recount heating of the

fluorocarbon above its deeomt)osition temI)erature. P_}lytetrafluoroethyl-

ene (C_F,I,, In,gins to dissociate at about 842 ° g Iref. 9i and these

fluoro('tt.l'l)ons }laVe been in wide us(, 'is cooking utcn:il coatings without

reported ill eff(Tts to users.

A recent experiment at the yon K=irm:in (:enter of Acrojet-General

(:orporation (unpublished (tatat involved piping th(' effluent from a

fluorine-charcoal reactor into :t cage' of hal)oratory rats, NO ill effects to
the animals were observed. In earlier studies t,'cf. 10), 2,2-difluorol)ro-

pane iwhi('h is a h'ss stable fluorocarbon than c:u'bon tetrafluoride) was

used its a substitute for nitrogen in the br,,athing atT,mst)h('re for guinea

pigs. In these tests, no ill effects were ohserv,.d ,,ithm'. Thus it seems
reasonable to assume that, nnder the normal conditions of exposure that

might be cxp(,etcd "it a rocket facility, the ('arl_olt tvtrafluoride effluent

from a (.h:trcoal disposal system would b(, rclativ_.ly nontoxic.

3.° COMPATIBILITY OF METALS WITH FLUORINE AND FLOX

Many stu,lies have been l_erforme, t to, d(,tcrnlin,, the eOml)atibility of
various metals with fluorine and FI,()X. There is considerable variation

in the reaction of ttuorine with the Stll'fa('e of lll(qa]s reported in these

studies, which wits probably a result of the clitt'c_'cn(',, in experimental

conditions CmldOycd, and lrtrtieularly in the 1)urit.v of fluorine used and
the amount of hydrogen fluoride or ot her contamivmt i,m l)rcsent. Fluorine

will form hydrogen fluoride when brought into contact with any hydro-

gen-bearing cotnpound, inelu(tin_ almosl)hcric moisture. In fact, the

primarg contaminant that lnust I)e carefully guar_h'_t against in fluorine

systems is moisture. Thus, ill maintaining tlm)rin(' an,l FI,OX purity, it
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is vitally important to exclude all atmost)heric contamination from

fluorine or FL()X systems.

The following paragraphs summarize the results of various studies on
the effect of fluorine or FLOX on thc surfacc of metal materials.

V Test
Vent $ sections

Pressurizing

gas

Pressurizing

H gas

Liquid-

nitrogen

bath -- Flow-

(-320 _: F_-1 // control

/ valves----.-_ ,

51 =

FIGURE 3-3.--High-pressure fluorine-flow apparatus.
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3.2.1 High-Pressure High-Velocity Fluorine Flow Tests

In "t series _lf tests (rcf. 3i conductcd 'it l,ewis, specimens of several

metals in various configurations were exposed to liquid fluorine under

controlled conditions of flow and pressure in th(' tt!st apparatus shown

schematically in figure 3-3. The ttuorine flow syst,,m consisted of two

stainless-steel tanks (A and Bt mounted in a liquid-nitrogen container.

A pair of 3/4-inch stainless-steel flow lines with al,propriate control

vah, es were insttdled between the tanks so that ituorim, could be cycled

at high pressure from one tank to the other thr.,mgh alternate paths.

In these tests, metals generally considered suitabh, for fluorine flow

systems were t_'sted for compatibility un(h,r UXl)Ostlru to carefully con-

trolled flow conditions. Rigid control was nminta]ned to ensure clean-

liness both of the system and of the specimen: using the general

cleaning and passiwition procedures described in d,al_t¢'r 6. Specimens

of nickel, stainh,ss steel, aluminuln, and hrass wt!re f:d,ricated in three

basic configurations ifig. 3 _1:) representative of conditions commonly

found in flow systems. These configurations included orifices for produe-

7- O.O135-in. i.d. L-Thermocouple

@
0.375 in, J

_-0.025-in. iid.

}
0.125in.

O. 125-in. i.d. 7

0.375 in. 3

(a) (b)

V-0.125-in. lid. /_ Thermocouple well_7

I I ] /

• I, :---i-

O.375in. _

(c) (d) (e)

(_L) Leak-simulator orifices. /h) ,_harp-edged orifice.

(c) Ilound('d-at,I)roaeh (d) Impact st_('cim_'n. (,,) Triangular wedge.

orifi,_,.

Fmt, uE 3 4.--T(_st spo('im('n configurations for high-prossure hi.-h-flow-velocity tests.
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ing high velocities and simulating leaks, flat-faced plugs for impact

tests, and triangular wedges for turbulence effects and exposure of
sharp edges and corners to fluorine flow.

These slIeeimens were exposed to a range of flow velocities and

pressures. The following results were obtained:

(1) Flow velocities of up to 400 feet per second at a temperature of

-320 ° F and pressures up to 1500 pounds per square inch gage caused

no measurable physical erosion, and no chemical attack occurred with

nickel, stainless-steel, Mmninmn, or brass specimens.

(2) All configurations tested were found acceptable for fluorine

systems under tile conditions imposed.

(3) Sudden release of high-pressure liquid fluorine in metal tubes

containing gaseous fluorine without liquid-nitrogen jacketing (ambient

temIlerature) had no effect on the system.

In addition, turbulence, fluid friction, and inlpact effects resulting

from high-l/ressure high-velocity liquid-fluorine flow through clean tub-

ing or past irregularly shaped or sharp-edged objects will not initiate

fluorine system failures. The successful operations achieved in this series

of compatibility tests were attributed to the care taken in the asseInbly,

cleaning, and operating techniques used before exposing the system to
severe dynamic fluorine service (ref. 3).

3.2.2 Chemical Effects on Metals Exposed to Fluorine

a.'2.2.1 Corrosion ,_tudies.--When metals are exposed to fluorine, one of

two ehenfical effects can be expected to occur, fihn formation or cor-
rosion. In the presence of pure fluorine, metals form a fluoride film

in the surface, with film forInation occurring ahnost entirely in the first
few hours of exposure. Fluoride films, like the oxide fihns that form on

aluminutn in air, are so closely bonded to the metal surface that they are
considered "in" rather than "on" the surface of the metal.

Corrosion of metals occurs when moisture is present in any quantity.

The moisture reacts with fluorine and fluorides to form hydrogen fluoride

and fluoride eomplexes; this in turn destroys the metal fluoride fihn, and

corrosion will occur from exposure to hydrogen fluoride. Since the film

immediately re-forms, 'a cycle is set up whereby the base metal is

reacted away. The process continues until the hydrofluorie acid is

exhausted or the base metal is destroyed.

The fact that corrosion can occur in fluorine systenis is the reason fox"

extreme stress herein on cleanliness and on selection of procedures to

keep fluorine or FLOX systems free of moisture contamination.

LONG-'tERM EXPOSURI_:: Several test programs have been run to deter-

mine "corrosion" of metals exposed to fluorine environments. Some

early bests showed excessive rates of apparent eorrosion in metals
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exposed to fluorine, though this high rate was hder attributed to the

t)resenee of contaminants in t,he fluorine. "Fh_ _ most important result
from more r(,cent studies (ref. I1) is th'tt most m,tals show little or no

sign of corrosion following prolonged exposure t() contaminant-free

li(luid ttuorine, t lIowever, nlost metals at(, attacked severely by hydro-

gen fluoride, partieularly in the pr(,senee of ft'(,(, moisture, ref. 12.)

Corrosion prohhm_s involved in handling fluorine of FL()X will lie rela-

tively insignilit'ant if hydrogen fluoride is exelude_t from the system and

the fluorine or FL()X is kept in "1 high state of l)urity. Tahle 3-I lists

results of [7 N. Air Force tests in which test sp(,cim_,,s of various metals

were immersed in liquid fluorine for I year.

TABLE 3-I. ('!(}RIIOSION a OF _[t.;'PAL ._,PE(:IMENS IM MEIISEI) IN I.IQUID FLUORINE

Melal

St'finless steel 304 ...... 1

2

3

4

5

-Sildnh_ss s{eel 410;__7__- 6 -

7

Monel 15-7 ............

Copper

Aluminum 1100

• Ba_.d on weilght differenee after

8

9

I0

11

12

13

14

15

'°t
17

18

19

20

21

22

23

24

25

eh,aning.

v(m 1 Y_:au (Rr:F. 11)

[Area of spedmen, 4.20 sq in.1

Samtl/( , weighL 1

Sallll)l(! I_;efor_, :_tfier [
t

f'Xl;OSllFe _ UXpOSUFO, |

g g

18.6849 I S 6S73

18.5512

lS.7ao5

18.6154

18.5245

17.85o7

18.11!/9

17 .S918

17.9080

18.0191

17.9713

17.9272

lS.1022

17.94Sl

17.(`I088

19.5659

19.7531

19.6306

19.76(,)1

19.6955

6.3930

6.4349

6.3277

6.3S76

6.3828

1,_5540

1 g 7298

i 1_ 6210
185325

. 17.8298
1 _.09gl

17.8766

l 17 8005
18.0123

- 17676o

17.937l

18.11o4

17 9553

17.!i144

195715

1q .7639

19,6379

19.7752

19.7001

6.3616

B.4106

B.3046

6.36Sg

6.3675

W(qght

difference

after

cleaning,

g

0.0009

-- .0026

--.0002

.0009

.0022

--0.0483

--.0427

--.0342

--.0223

. --.0207
O.O00g

--.0006

.0022

.0029

.0001

--0.0027

.0005

--.0008

.0006

--.0017

--0.0488

--.0422

--.0399

--.0315

--.0314
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TABLE 3-I.--CoRR0SION _ OF _{ETAL SPECIMENS IMMERSED IN IAQUm FLUORINE

FO_ 1 YEAn (REF. ll)--Coneluded

[Area of specimen, 4.20 sq in.]

59

Metal

Aluminum 6061 ........

Nickel ................

Monel ................

Titanium A-f10 AT ....

Titanium Co120 AV ....

Magnesium AZ-31 ....

Magnesium HM-31 ....

Sample

26

27

28

29

30

Sample weight

Before

exposure,

g

6.0088

5.9816

6.0216

5.9744

5.9193

31 20.4919

32 20.4087

33 20.6207

34 20.5791

35 20.6101

36 20.5294

37 20.4504

38 20.4651

39 20.6064

40 20.6896

41 10.4057

42 10.3669

43 10.4500

44 10.3437

45 1O2572

46 10.3558

47 10.3333

48 10.3732

49 10.4072

50 10.3463

51 3.9513

52 3.9398

53 3.9748

54 3.9345

55 3.9334

56 3.9925

57 4.0097

58 4.0078

59 4.0017

60 3.9625

After

expos(ire_

g

5.9928

5.9697

6.0163

5.9578

__ 5.8984 i20.4952

20.4149

20.6281

20.5999

20.6206 :

2o.53_ I
20.4604

20.4715

20.6157 r
20.6916 '

10.3207

10.2730

10.3724

10.2718

10.1847

10.2710 i
10.2516

10.3085

10.3659

10.3091 i

3.9416 I
3.9696 J

3.9706

3.9097

3.9261

3.9491

3.9558

3.9671

3.9215

3.9942

Weight

difference

aft.or

cleaning,

g

--0.0315

--_295

.0432

--.0333

--.0333

--0.0035

--.0006

.0014

.0032

.0038

--0.0(310

--.0004

--.0035

--.0021

--.0036

--0.0900

--.1008

--.0847

--.0795

--.0795

--0.0897

--.0877

--.0730

--.0654

--.0516

--0.0460

--.0175

--.0485

--.0501

--,0431

--0D307

--.0892

--_843

--.1022

--.0973

• Based on weight difference alter cleaning.

Studies at Lewis (ref. 13) involved exposure of test specimens (tubes)

of 3S-0 and 52S-O aluminum, 347 and 321 stainless steels, A-nickel, and

low-leaded brass alternately to liquid and gaseous fluorine for periods up
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to 3} months. Results of these tests were confirmed by the recent tests

described in reference 11. For conditions that involved very clean

systems and high purity in the fluorine used, the amount of specimen

weight change was relatively slight and for most purposes could be con-

TABLE 3-II.--CoRaosIoN DATA (RFF. 13)

Metal

Aluminunl 3S-O ........

Aluminum 52S-O ......

Stainless steel AISI 347__

Stainless steel AISI 321--

A-nickel

Low-leaded brass .......

Weight, g

Before After

exposure exposure

18.9033 18.9033
18.6296 18.6322

16.4636 16.4744

16.3856 16.3962

18.8299 18.8313

18.6457 18.6563

28.6731 28.6750

27.8926 27.9019

27.7912 27.8075

27.9204 27.9041

28.1495 28.1594
26.5484 26.5579

42.2858 42.2870

41.8131 41.8132

35.4984 35.5015

35.6087 35.6121

42.1893 42.1932

42.6253 42.6275

27.3230 27.3249 !

26.9847 26.9865

23.4952 23.4980

23.5475 23.5523
27.2577 27.2587

27.7913 27.7934

43.5582 43.558_
43.6383 43.638,
36.3945 36.4005

41.4378 43.4404

38.8173 38.8203

57.7751

59.2956

48.5486

48.4982

58.6092

59.0067

57.7800

59.2993 !

48.5662

48.5133

58.6168

59.0116

Weight Internal
C}l_tIl g", area,

g _1 in.

o 7.20

.0026 7.12

.0108 5.83

.0166 5.83

.0014 7.20

.o 106 i 7.20

0.O019 , 8.36
.0093 8.21

.0163 8.06

--.0163 1 8.06

.009!1 I 8.36

_..009,5 __ 7.77
o.0o12, 729

.0001 7.12

.0031 5.83

0034 5.91
.0039 7.12

.002'2 7.20

0.0019 7.20

.0018 7.03

.0028 5.91

.0{)48 5.83

.0{)10 i 7.12.0021 7.20

0.0005 i 7.20
.OO04 1 7.20

.0060 5.74

.0026 7.12

.0030 6.34

0.0049 6.58

.0037 6.82

.0176 5 39

.0151 5.39

.0076 6.66

.0049 6 66

Time,
hr

*1055

1055

b2730

2730

2730

2730

1055
1055
2730

273O
2730

2730

1055

1055
2730

2730
2730

2730

1055

1055

2730

273O

2730

2730

1055 I
: 1055 [

2730

2730
2730
2730

• Exposed 783 hr to gas, 272 hr to liquid.

b Exposed 171,1 hr to gas, 1016 hr to liquid.
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sidered insignificant. Data from these tests (table 3-1I) show a small

weight gain for each specimen that includes the gain expected from

normal fluoride fihn as well as any reaction products from hydrogen
fluoride corrosion.

Metallurgical examination of the test specimens did not reve'd any,

intergranular corrosion except for nickel. Very slight intergranular cor-
rosion was observed; however, this was considered negligible for the

time period involved. The physical appearance of the test specimens was

TABLE 3-III.--TEMPERATURE EFFECTS ON CORROSION OF _IETALS AND ALLOYS

IN FLt:ORL'qE FOR 5-DAY EXPOSURE (REF. 14)

M.tterial Type Average temperature,
°F

Aluminum ..... 1100 H-14

Magnesium ....

2024T-3

5154H-34

5154-O

M1A

79

79

394

394

673

673

1009

1009

79

79

394

394

673

673

1020

1020

79

79

356

356

640

640

1017

1017

79

79

358

358

653

653

1006

1006

-- -- -I

Area, Weight change,
• i

sq In. , g

2•082 I

2.088

2.079

2 .O69
1 990

1.998 I

2.021

1.989
..... J

2.020

2.019 i

2.014 '
2.016 I

1.740 i

1,733
1.725

1,740 i

0.0004

.0002

.0001

.0001

.1871

.1976

.7470

.7308

0•0001

0

.0001

.0003

.0113

,017l

.0028

.0033

1.608 ! 0

1.612 [ --.0003

1.601 --.00O4

1.612 --.0003
__ J . _

1.989 I

2.007

1.991

1 •999

2.002

2.002

1.981

2.002

1.926

1.968

1.972

1.954

0.0012

.0012

.0031

.0030

0.0003

.0001

.0002

.0001

.0010

.0011

.0128

•0121
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reported (ref, 13 as follows:

(1) Both exposed and unexposed surf'ices of ldckcl appeared identical.

(2) Both _duminum samples appe'_red eonsid(,vabty lighter in color

but apl)e:_red unchanged otherwise.

T,'_BI,E 3-III. -TEMPER_,TURE EFI_tCTS ON (-'ORROSI()N OV _] E'rAI,,_ _YI) ALLOYS

IN FLUORINE FOR 5-I)AY EXPOSURE (REF. 14)---Conclu,ted

Magnesium ..... _ZS1A-T6

AZ91C,-T6

MoneI ..........

Nickel .......... A

Stainless steel __! I 304L

Average lemp(,r:O;tzr(_. 1
°1: !

79 .... i

Ar¢',q

sq in.

2,735

2.S0679

363 2,7(12

363 2772

691 2.762

691 2.737

1000 2.7,_0

1000 2,7S3

7(,)

79

406

406

691

691

1002

1002

2,55S

2.552

2.616

2.064

2.656

2.029

2.612

2.1544

21)02

2.003

1.996

2.003

2.0(19

1 .!)51

1 ,.q91

1.988

1.997

2,002

2,004

1.997

2.007

1.982

1984

2.086

2.093

2.088

2 094

Weight, change,

g

0.0003

0

-- .0002

-- .0002

.0003

.0005

.0060

.0039

0

0

.0002

0

.0010

,0008

.0350

.0349

0

.0001

.0942

.0891

79

79

406

406

79

79

396

396

684

684

1026

1026

79

79

396

396

684

684

1020

1020

0.0005

.0003

.0004

.0001

.0027

.0031

.0179

.0180

--0.0002

.0002

0

-- .0002

.0020

.0015

.0012

.0026
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(3) Iridescence that occurred in some areas of the stainless steels indi-

cated the presence of fluoride fihns. This was most prevalent in 347-

series steels; however, occurrence was not general in test specimens.

(4) A low-leaded brass was lightly covered with a reddish fihn that

was not continuous, but generally covered the entire surface.

There was no visual difference reported between those portions of the

test specimens exposed only to the gaseous I)hase and those exposed to

1)oth liquid and gas, nor was the gas-liquid demarcation line detectable

on the specimens.

TEMPnRATI_RE E_'SECTS: Some data on the effects of temperature on

surface reactivity obtained under U. S. Air Force contract (ref. 14) is

presented in table 3-III. The weight change column in the table shows

the general effect that can be expected from temperature increase. The

data appear to fall within the scatter band that could be expected in the
experimental process.

The effect of hydrogen fluoride (anhydrous hydrofluoric acid) in

causing corrosion of various metals has been discussed in reference 15

and is presented in table 3-IV (from ref. 15). This reference states tht_t,

for Monel and nickel, the rates of corrosion for mixtures of water and

hydrofluoric acid are of the same order.

a.2.2.2 Fluoride film studies.--According to reference 11, fluoride fihn

formation on the surface of metals in fluorine occurs mostly in the

first few minutes of exposure, after which time the reaction rate drops

off sharply. Thus, this film acts to inhibit further attack of the base
metal.

TABLE 3-[V.--CoRRO$ION RATES OF HYDROGEN FLUORIDE WITH VARIOUS _,_ETALS

(REI_. 15)

Metal

Stainless steel :

430 ..........................

Temperature, °C

oooI [ ooo

0.005

Penetration, in./month

0.030 0.038

304 ................... _ _ _ _ _ _.

347 ..........................

309 Cb ......................

310 ..........................
Nickel ........................

Monpl ........................

Copper ........................

Inconel .......................

Aluminum 28 (2 percent man-

ganese) .....................

Magnesium ...................

0.6

.019

.04

.003

.004

.005

.005

.016

.042

..... 044

1.5 .58

.14 .55

.33 1.0

..... 003

..... 006

..... 004

.... 0.005

..... 048
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Figures 3-5 to 3-12 illustrate the typical fihn formation that can be

expected when various metals are exposed to fluorine. The film thickness

was measured in angstroms as a function of time. It should be remem-

bered that the n_(,asurement.s taken during these studies included the

normal fluoride fihn formation as well as any t)ossib]e "corrosion" or

formation of chemic'd comph,xes by hydrogen fhn)rid(, (1,-trace amounts

of other system contaminants.

Figures 3-5 to 3-9 generally show a fihn formation in the range of 2

to 14 angstroms during a period of 230 minutes tot about 4 hr) at. tem-

peratures from -113 ° to 183 ° F. Figure 3-10 shows an extension of the

exposure time un(h,r similar conditions (86 ° Fi ul) to 90 hours. As shown,

slight increases in fihn thickness were measured (now in the range of

10 to 30 A) t)ut again a constant thi('kness is "q)pI'oa('hed. Figures 3-11

and 3-12 repeat the exposure of selected metals tit the maximum tem-
perature (183 ° F) but show little significant effect.

Generally, the variations in fihn thickness with respect to the exposure

variables were slight, though exposure time has the greatest effect. In

Run .Sample weight, Inilialpressure, lemperature, Se nsitivity, ._ 1

FI 19 126. 8 516 a86 _:0. 4 _j

O 23 137.0 54_ a&5 ± .4 }

A 29 111.8 690 all3 :L .7 --{

<> 31 98o3 498 a183 :t .4 J
• 34 98,1 3312 86 • .5 [

35 a54. 2 476 86 ±1.0

109. 4 agog 86 •. 4

a81.25 496 86 + . 6

0 20 40 60 80 100 I20 140 1_ iS0 200 220 240

Exposure time, rain

Fmt:ae: 3-5...-Variation of fluoride fihn thickness on Mon.l powders to time of

+'xt>osur(' to fluorin(' ( r_'f. 1 1 ).
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till cases, fihn thickness tended to become constant at less than 50

angstroms.

The characteristics of metallic sm'face fihns and surface reaction are

as follows :

(1) Aluminum and aluminum alloys form a tenacious and protective

oxide fihn when the bare metal is exposed to air or oxygen. A similar

16 _ Stainless steel 410
--_/ -- Stainless steel 347_

12

._ , _ _ Monel -
8,7 +-+_ - _"_ i-I _
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FIGURE 3_.--Varitttion of film thickness on metal powders at --113 ° F with time of

exposure t,o fluorine (ref. 11).
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exposure to fluorine (ref. I1).
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film (AIF:J is formed on exposure to ttuorine; if the oxide fihn is present,

ttuorine will replace this fihn. Although the replacement mechanism is

not known, the most probatfle method is by diffusion through the oxide

fihn to react with the bare metal, by rel)htcenienl of the oxygen, or by

both of these. The melting point of :duniinum is below its ignition point

with fluorine gas (ref. 16); fluoride form'_tion on molten aluminum
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FIGUItE 3-10.--Variation of film thickness on metal powders at 86 ° F with time of

exposure to gaseous fluorine for total run (ref. 11).

would probably be similar to the oxide formation on mercury.

(2) Fluorine reacts with the surface of iron, iron alloys, and mild

steels to form ferrous and ferric fluoride films at a higher rate and depth

than with the more resistant metals. The films are less stable than those

of more resistant metals, particularly when exposed to moisture (ref. 17).

Susceptibility to corrosion from hydrogen fluoride is also greater.

(3) Stainless steels are more resistant to attack by hydrogen fluoride
than mild steels and form stable fluoride fihns similar to those formed

on Monel, though less stable at elevated temperatures. Stainless-steel

welds have the same characteristics as the parent material.

(4) Nickel (A, D, and L) and Monel form films similar to those

formed on aluminum, but are particularly stable for use at high tem-

peratures (1200 ° F; refer to section 3.2.4). Welding does not reduce the
corrosion resistance of nickel or Monel if fluxes either are not used or

are completely removed. Ineonel, Illium, Illium "R", and Duranickel

are less resistant than either nickel or Monel at higher temperatures but

are generally similar to stainless steels.

(5) Copper has a high resistance to fluorine attack. The copper

alloys, red brass, and yellow brass are also highly resistant. Cupric
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fluoride film is very stable in the presence of dry fluorim, or dry hydro-

gen fluoride, but hydrolyzes readily in moisture to form hydrofluoric

acid, which attacks :ill cot)per alloys.
(61 5Iagnesiunl. like aluminum, is always coated with a tenacious

oxide fihn. Fhloride film formt_tion is similar to that on aluminum.

(7) Limited experience with titanium indicates poor resistance to

hydrogen fluoride an(t fihn characteristics similar to ,-rainless steels. In
fracture tests with titanium in liquid fluorine iref. lS), specimens did

not ignite, and in other tests (ref. 191 the ignition of titanium was more
severe in liqui(t oxygen than in liquid fluorine. Ilowever, gaseous fluorine

will rapidly attack titanium at teml)eratures above 300 ° F (149 ° C),

according to ref(,renee 11, and there have t)ecn cases reported where
tit.aniunl was ignited at -113 ° F (-81 ° Ci, although these authors

noted that catal!lxis was necessary and that the reaction was smothered

by the fluoride fihn (refs. 11 and 17).
(8) Silver solder and Nicrobraze are recommended for most of the

joining where weldin_ is inlI)ractical or impossible. (Flux should not

be used; refer to section 4.9.3.) Exact film etmraeteristics of these
materials have not h(,en determin('d; however, these metals have been

widely used and have provided highly reliable connections.
(9) (?hromium forms four fluorides (ref. 20): tll divalent, (2) tri-

valent, i3) tetr'_valent, and (4) l)entavah'nt ((,3)and t.i) are volatile).
When chrolniunl is re'icted with ttuorine below 300 ° F (149 ° C) it forms

a protective divalent fluoride sinlilar to the film on nickel plate. Above

300 ° F, the fluoride is converted from a (tivalent to :_ vol'ttile tetravalent

fluoride form (ref. 20_ and loxes its protective ability. Chromium may

t)e used below :_00° F with no prot)lems other than those associated with

nickel I)late.
(10) Beryllium behaves much the san,(, as ni('kel in fhmride fihn

formation (ref. 20). Tantalum should not be used at h,mperatures above

150 ° F !66 ° (:'). BeI'ause of its low ignition point, little research data

are availal)le on tant'dum.

(11) Lead forms a nontenacious fluoride film. In passive exposure,

however, it has been used successfully as seal or gask('t material.

(12) Tin reacts in a manner sinlilar to lead :m(t has had some use for

soft gaskets in cryogenic service (ref. 20).

113_ Rhodium, p'dladium, and platinum can 1)e used in contact with

fluorine at room temperature essentially without atl:wk (ref. 201. These
metals are used in some eqtfipment because they =ire inert to hy(h'ogen

fluoride.

Some additional information on the effe('ts of exposure temperatures

on metal surfaces exposed to fluorim' is given in tablo 3-V. The reason

for the contradictory information on Monel is not known; however, this

as well as other inconsistencies may he partly a result of the different
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methods used by the various investigators in obtaining the data. The

reaction of COl_t)cr foil and gaseous fluorine was stu¢tie,,I in an all-glass

apparatus at prcsstlres to about 200 millimeters of u,,r('ury and tempera-
tures from S00 ° to 1200 ° F (refs. 21 and 22). The, raw of reaction in film

formation incrvasc,d at elevated temper'ttures in this study; however,

the apparent final film thickness {as measured bv fluorine consumption)

was less than at lower temperatures.

3.2.:_ Effects of Fluorine Exposure on Mechanical Properties of Metals

a.2.al TeTMb, properties.--Studies that involved comparison of the

effects on test specimens from immersion in liquid nitrogen and liquid

fluorine !ref. 11 i indicated that the tensile properti,s of metals were not

affected by exposure to the fluorine environment. The (_o,'rosion (ref. 11,

p. 45) for most of the test specimens was less than I ,nil per year. Thus,

the conclusions drawn earlier Isection 3.2.2.11 reg'trding the corrosive

effects of fluorine exposure were confirmed. ,The 1 mil/yr "rate"
assumes that this corrosion would continue, whi¢.h is unlikely. Again,

too, the fluoride fihn penetration may be what is indic'tted by ref. 11 as

corrosion; this penetration, as indicated by the data. is m,gligihle.)

Samples were' tested after removal from liquid-fluorine and liquid-

nitrogen baths following the 1-year soaking period. According to refer-

ence 11, the mechanical properties of 120 specimens wm'_, determined in

a standard tensile testing machine. As shown by values given in table

3-VI, there wm'v no significant differences in n,_ch'mical properties

between samph!s immersed in liquid nitrogen or liquid fluorine. Long-

term exposure to cryogenic (-320 ° F} temlmratur4*s appeared to

improve tensile properties over the handbook values. Table 3-YI,
from these studies, displays scatter within th__ limits that could be

expected for the particular data. Recent studies at (;cm,ral Dynamics/
Convair luntmhlished data) haw_ shown thvsv carlit, r conclusions

regarding tensile properties to he true.

3.2.3."- Stressed s_mples.--In tests by the U. S. Air Force (ref. 19),

specimens of the same metals listed in table a-VII were stressed to just
below their yield points and suspended in liquid thmrine for 2 weeks.

None of the test specimens showed signs of strt_ss-covrosion cracking

under the test, conditions and exposure time lref. 19i.

Tests were run at l,ewis on stressed tensile stu'cimvns to study the

effects of liquid-fluorine environment on the mechanical properties of

sever'd sheet alloys (ref. 18t. The smooth and nolch tensile strengths

and the elongation properties of steel, nickel, aluminum, and titanium

alloys were determined in a liquid-fluorine envir(mment at -320 ° F.
Mechanical properties data obtained in fluorine were compared with

data on Sl_CCim('ns of the sanle sheet and heat tr_'atment, tested in an
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TAm,r: 3-VI.--A_,'ER._.(_}: Tr:NSILV3 PROP_:R'rlES OF 1-YEAil TEST SPFC1Mr:_S (REF. 11)

Metal

Stainle,_ steel 304 ...........

Slainless steel 410 ...........

Armeo steel 15-7 Ph-Mo ....

Treatment

(liquid at

--32O ° F)

Nitrogen

Fluorine

Nitrogen
Fluorine

Nitrogen

Fluorine

Nilrogen

Fluorine

Average

yieht stress,

psi

60 620

63 440

74 680

73 700

7166O

70 700

53 580

54 080

Average

ultimate stress,

Fsi

93 960

94 10O

88 920

89 380

Copper ....................

Aluminum 1100 ............ Nitrogen 21 480 23 120
Fluorine 21 700 22 940

Aluminum 6061 ............ Nitrogen 41 840 45 820
Fluorine 41 486 46 360

Nickel Nitrogen 89 960 96 900
.................... Fluorine 89 680 96 420

Monel Nitrogen 58 020 93 740
.................... Fluorine 58 120 93 040

Titanium All0 AT ......... Nitrogen 125 400 151 600

Fluorine 126 200 [ 152 000

1
Titanium C120 AV ......... Nitrogen 124 000 153 200

Fluorine 121 400 152 200

Magnesium AZ31 .......... Nitrogen 35 500 41 600
Fluorine 34 160 41 720

Magnesium HK-31 ......... Nitrogen 49 000 49 960
Fluorine 46 000 48 240

143 420

141 900

57 640

58660

environment of liquid nitrogen ( - 320 ° F).

Short-term (2 hr) exposure of stressed tensile speeinIens to liquid
fluorine (ref. 18) indicated possible slight deterioration of some

mechanical properties when compared with sinfilar tests in a nonreactive

environment (liquid nitrogen) at the same telnperature, as shown in
table 3-VII. This indicated deterioration was believed to be a result of

contaminants in the gaseous-fluorine supply. The data described in

detail in table 3-VII show scatter within the liinits that can be expected

for the particular test. The results of the Lewis tests (ref. 18) are
suminarized as follows:
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TAm,E 3-V/I.--TEsT [{E_ULTS O.F _IECIIAN I('AL [)ROPEI'_TIE_ ._tF'l'l]g 2-Houu EXPOSURE

IN I,]t_t;m NITR(:a:EN AND I,lut:U) Ftu(mlXl.; AT --32(1: l" ( l{1.;V. 18)

iii, uili nitromm i.iqui,t fluorino

SlilO(il h --

Alloy [ t,,nsih, Ehmga-

pcrc(,nt

Stainh'ss st(,(,l [ 29gXlO 21.0

AM a50 ' 29a 22.5

272 6.0

270 9.0

293 _ 21.0

Av.__ i 285_(10 15.9

1
Stainloss stvol ] 276X10 a 6.8

ASM 6434 298 -4-o
276 4.0

_ . hr. _.___ 2s5×1o_1 4._.t

_Ineon(_l: ..... [ 193X10_ i14"1189199192)<10a[[_13.51810.7.0

St i_!!(l'i!0!(t(] r ' 344340510a ][ 11'5.3

Av. .... 342X103 1.4

- - t

Slain!oss stotl 257>(10 '_ ....

_klS[ 3041, 253 1.5

?t v. ....

264

25S X 10"

219>(10 a

226

223 X 10 a

256X10 a

254

1,5 ........

1.5 255X10 _

Notch

l(msile

!rcngl h

psi

79X10 a

O4

90

........ ......

91X10a- i 253X10::

52.2>(10 _ 271X10 :_

65.2 27O

........ ' 277

........ 274

58.7xl0 a 273X I0:'

179)<10:'

195

192

lggx l(f

I 349_: I(V

Smool h Notch
Elonga- . .,

tensib, tOnSli(

sll'uli_* h. J lion, str_,ngth

psi l_t'rclqit 1)'d

262X 10:' 6.7 76)<103

252 7.0 101

256 7.0 ........

, 242 S.5 ........

7.3 $8.5 X 10 _

2.0 ........

2.1 ........

2.5 ........

3.0 ........

2.4 ........

19.0 ........

21.0 ........

18.0 ........

19.3 ........

7-
1.0 ! 216X10 a

............ j ........

2 ox o, 2.o i2 o×1o.,
2.0 0..... ::_

............. r ......

24_;<1m 2.0 1--;-_--7_-_

tl) Exposure of several :alloys to li(tuefied ('(mmwv('ial fluorine gas

t)rodut'ed a (h'trimcntal effect on the Wnsile strength of some alloys. A

limited number of tests indicated 1ha( 2 horn's of oxposure lowered

tensile str(,ngdl from insignifie'mt alilOtlllts to v.s llltle}t as 11 percent.

The elongations showed similar trends.

i2) The sharl)-not(qt strengths w(,re not signifi('antly affected.

(3) The l)resenee of contaminants _prob'tt)ly mainly hydrogen fluo-

ride l couht have l)een the cause of the d(,gr:t, lation, and different

amounts of eontanfinants couh| ac('ount for the variations in mechanical

properties observed.

(4) The surface appearance of specimens exposed to liquid fluorine



COMPATIBILITY OF MATERIALS 75

TABLE 3-VII.--TEsT RESULTS OF _{ECHANICAL PROI'FRTIES AFTER 2-Hour EXPOSURE

IN ].IQUID NITROGEN AND ]'AQUII) FLUORINE AT --320 ° F (RFF. 18)--C'oncluded

Alloy

.41unfinunl

2014-T6 clad

Av .....

Aluminum

6061-T6 bare

Av .....

Muminum

7075-'1'6 clad

AV .....

Titanium alloy
Ti-6AI-4V

annealed

_4kV.....

Titanium alloy
Ti-fAI-4V

solution-

treated

AV .....

84.0X10 _
86.0

83.0

84.3 X 10_

60.6X103

61.3

61.0X10 a

Liquid nitrogen

! I

Smooth Elonga- Notch

tensile tion, tensile

strength' [ percentpsi [ strength'psi

[ 13.;_ 56.4X10 _
14.0 I 60.7

13.5 i ........

--_13_ 58.6X10 '_
240,55 5×10 

94.5 X 10 _
94.0

94.0

94.2 X 108

207X10 _
203

205

205X103

226 X 10a
225

218

223X108

Liquid fluorine

Smooth [Elonga-

tensile [ tion,

stren._th, ]percent

82.0×10 '_ , 12.0
I83.3 120

Notch

tensile

strength,

psi

58.5 X 10_
59.7

79.5 I 11.0 ........

81.6_1_' __ 59.1X 103

60.2×I0_ [ 20.5 58.2×I0 _

22.5 I

77
23.3

.... [

14.5

14.0

.... ]

14.3 ,

11.0 .

11.7

9.6 )

17.0

17.0

14.0

16.0

58.7 '56.0
54.7 62.0

56.0

56.2X10 '_ '59.4X10 _

38.7X 10_ 89.8X 10_
34.2 93.0

39.6

37.5X10 _ 91.4X10 _

183X10 s 183X10 _
199 180

196 ........

193X10 '_ 182X103

........ 199X10 _

........ 185

........ 208

........ 220

........ 219

........ 206)<103

16.5 55.5
17.5 ........

2 56.9X10 _

I 10.5 ........
' 11.0 ........

........

6.5 181X103
6.0 187

6.3 184×103

14.0 ........
7.0 ........

5.0 ........

8.0 ........

4.5 ........

7.7 ........

ranged from clean to discolored. Etched surfaces had occasional

deposits of corrosion products.

Figure 3-13 shows a schematic drawing of the tensile loading appara-

tus, the test chamber, the liquid-nitrogen cryostat, and the supply piping

for purging, filling, and emptying the test chaml)er. The tensile load was

generated by a hydraulic ram mounted at the top of the loading frame.

Hydraulic fluid under pressure was metered to the ram by a needle

valve from a previously charged accumulator. The tensile load on the

specimen was measured by a load cell that utilized strain gages for load

indication. This load cell was mounted so that it was in compression

when load was applied to the test section (fig. 3-13).



76 HANDLING AND USE OF FLUORINE AND FLOX
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F1(;b'ar: 3-13.--Sc/t(,mati(_ diagram of test setup for Lewis terL'4k, stress tests (ref, 18).

When the test ehan_ber was filled with liquid fluorine, the smooth

speeiinens were loaded to a stress value equal to 90 percent of the yield
strength of the material at a temperature of -320 ° F (liquid-nitrogen

boiling temperature). The notch speehnens were loaded to 90 percent of

the failure stress of duplicate notch specimens in liquid nitrogen. This

load was maintained for 2 hours so that the specimens were under stress

(luring the thne of exposure to fluorine. After this time, the load was

increased until fracture resulted. All specimens wer_ loaded to fracture

at strain rates of about 0.005 inch per inch per minute.

For smooth tensile specimens, the hold stress applied was 90 percent of

the 0.2 percent yieht strength of the material tested in liquid nitrogen.

For notch spe_:imens, the hokt st.ress was 90 percent of the failure stress

in liquid nitrogen. The time of exposure was 2 hours in this ease also.

An interesting aspect of these tests (ref. 18) was that titanium speei-

mens were tested tO failure in liquid fluorine without ignition (despite

the exposure of a nonpassivated surface by the fracture l. Titanium has

shown a tendency to ignite when subjected to impact in a liquid-oxygen

environment (t.able 3-VIII), and thus its use in liquid fluorine has been

discouraged. The Lewis tests indicated that the use of titanium is feasi-
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TABLE 3-VIII.--SUMMARIZED IMPA(_ IGNITION (REF. 19)

Numbe Striker Number of
samples at

of teste configuration impact
F

Moncl striker, titanium sample

5 Flat, smooth .... [ 5 2.6 / --

2 Flat, rough ..... / 2 I 1
2 Hemispherical --/ 2 " 1
2 Chisel point ..... _ 2 __

3 Pointed, conical _[ 3 ] __

[

energy I Degree of ignition

ft-lb t None

Titanium striker, titanium sample

-- 5

__ 1

a 2 __

a 3 __

n

8

4

16

Flat, smooth ....

Flat, grooved ___

Pointed, conical _

9 Hollow, pointed

40.0
55.0

58.0

55.0
58.0

2.6

6.0
9.0

35.0

50.0

55.0

58.0

61.0

6.0
10.0

38.0

1

1

Stainless-steel or aluminum striker,

8 Fl_, grooved :-t 8

4 Pointed, conical -I 2b2

2
1

1

1
I 1

J

1

1

1

1

1

1

1

1

1

1

1

1
1

aluminum sample

58.0 1

30.0 __
58 .o __

E

3

1

2

1

1

3

2

__ 7

__ [ 2
-- 2

Titanium striker, titanium sample, liquid oxygen

10 [Flat, smooth ....

9 Conical, pointed _

3 IFlat, rough .....

4 IFlat, grooved ___

60.0 __

55.0 __

65.0 _21
65.0 c 5

65.0

65.0

1

1

4

1

8

2

2

• Ignition indicated by disappearance of striker tip. No evidence of sample igniting.

b Aluminum striker.

One sample caught fire and burned almost completely.
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ble in liquid-fluorine systems, but it should be thoroughly tested for the

partieular ai)plication before use with fluorine.
3.2.3.3 Flcz_re tests.--In several tests lasting ut) to 6 hours, flexing

thin metal strips in liquid fluorine once 1)er se('ond t)m(tuc('d no measur-

able effects (ref. 19). The flexure tests were l>erf(,rmed on copper, brass,
alumimm_, and Monel immersed in li(tuid fluorin( _ and were intended to

provide some infornlation on the flexibility of the fluoride fihn. If

increased corrosion had resulted, it wouht have 1)rovid,'d cvidenee that a

fluoride fihn was being lost and re-formed, '_nd t}m_ the fihn was not

flexible. The negative results indicate that th(, Iluoride fihn is not

affected by the flexing of metals exposed to fluorim'.

3.2.3.4 Impact tests.--As reported in refercnc_ 19, results were
obtained th'Lt "were not very reproducible and in no case with liquid

fluorine did ignition become general." These tests involved the impact

of various shai)es of strikers on trot)act plates I_encath the surface of

liquid fluorine or liquid oxygen (table 3-VIII}.

Ignition was observed by all types of strikers :it diff(','ent ilnpaet levels

on two titanium alloys tested in liqui(t fluorine. It. should be noted that

ignition of titanium with liquid oxygen was more severe than with
fluorine iref. ]91. In one case (of 26 tests with oxygen) ignition

became general, and the sample burned comi)h't_'}y; in each case with

fluorine, though reaction was initiated, it f'dh_d t() propagate itself.

tleference 19 states, "Ignition, when it was obs(,rv(,d, was indicated by

the formation of small craters and gullies togetI_(,r with droplets of

melted metal Icither] on the sample/)r on the striker face."

The data It:d)le 3-VIII} provided little information for the compati-

bility of metals with fluorine; however, when comi)arcd with equivalent

data for liquid oxygen or when imp'tot ignition _'r_ergies are compared
for different mqterials, relative reactivities may he ()l)tained for conl-

parable en('rgy values. These values nlay also lit, lab('(I in comparison

with calculat('d localized energies that may b,' ])resent in a given

system.

As another part of the same series of tests iref 19i. tubes of various

metals were tilled with liquid fluorine and struck on tl_(' outside at known

impact levels. The degree of reaction on the inside of these tubes was

not "_ffected by intensive impact by pointed strikers on the outside of the

tubes. Vibr:ttion of several samI)les after imlm('ts, "it 30 cycles per

second, also t)roduced no effects (ref. 19).

3.2.4 Ignition Temperatures of Metals in Fluorine Atmospheres

An experiment was I)erformed (in cooperation with NASA Lewis) to

determine ignition temperatures of metals in fiuorin,, atmospheres (ref.

16). In these tests, metal wires were heated electrically in a chamber
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TABLE 3-IX.--I(_NI'rloN TEMPERATURES OF METALS IN Ft.UORINE (REF. 16)

(a) Technique A.

79

Metal

YVire

diameter,

lB.

Ahnninum ___ 0.010

.016

Copper ...... 0.0123

Iron ......... 0.014_

Molybdenum _ 0.0149

Monel ....... 0.010

:Nickel ...... 0.008

.0155

.0154

.0155

.0155

.0152

0.020Stainless steel

302

Tungsten .... 0.0153

_ I

Ignition

temperatures,

°C

Average

ignition

temperature,

°C

M'_ximum variation

from average,

percent

I
.... (a) ....

725]
6451

670_

670 I
747 )

677]

667

0 '0l

2141
207|

188_

220]
188/

437]

423[

348]
377)

1168]

1096 /

1219_

1195_

1209]

1084J

749]

611

570)

692

672

205

396

1162

681

283
332

263 |
275 J

8.0

0.8

8.3

12.0

6.0

13.0

18.0
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TABLE 3-IX.--I(;NITION TEMPERATURES OF METAI, S IN FLUOmM,: ( REF. 16)--Concluded

(b) Technique B.

- -- -7

Maximum wire Ignition/Ignition I(,mper- Activation

temperature, delay, | atur_ _ rang(', I energy,

"C see _ °C _ I kcal/mole

Wire

diam-
Metal

efev,

1[1.

Copper __ 0.012

Iron ..... 0.014

9O5

852

810

767

701

689

73O

676

648
644
618

Nickel ___ 0.015 1357
1306

1266

1253

a An average (>f fl>ur tests gave an ignition ten1

0.8

1.0

.6
.8

1.2

No igni-
tion

1.0
1.6

2.0

2.2

No igni-
tion

0.6

689 t,> 701

618 to 644

!

1253 lo 1266

No igni- I
tlon

_erature greator than the melting point.

39.5

16.3

(bomb) containing fluorine, and temperatures were calculated from

current and voltage readings by using resistivity-temperature data. Two

procedures were used, and a comparison of results is given in table

3-IX,

Technique A.--An evacuated boinl) was filled with gaseous fluorine at

atmospheric pressure, and the temperature of the si>ecimen was gradually

increased by the variable resistor. The voltage and current at which the

wire bin'ned out were used, in conjunction with resistivity data, to

calculate the temperature at ignition (table 3-IX_.

Technique B.--The test specimen was brought to a predetermined

temperature in the evacuated bomb before the introduction of fluorine.

Fluorine was then admitted and the time (ignition (May) required for

the reaction to go to completion was measured with a stop watch (table

a-IX). As shown in the table, ignition occurred at different temperatures

for the different metals, but only the range is given. This procedure was

used to obtain ignition-delay--temperature curves.

In general, molybdenum, Monel, and tungsten exhibited the lowest

ignition points of the metals tested, with values ranging from 200 ° to
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400 ° C. Aluminum, copper, iron, and 302 stainless steel ignited between
600 ° and 700 ° C. Nickel ignited at 1153 ° C.

3.3 COMPATIBILITY OF NONMETALS WITH FLUORINE

AND FLOX MIXTURES

Fhlorine-compatible nonmetallic materials would be extremely desira-

ble for use in fluorine or FL()X systems, particularly when the design
problem involves modification of an existing launch vehicle to make it

fluorine or FLOX compatil)le. In this case, the problem would be to find

materials for given seal, gasket, and other applications to replace cur-

rently used materials. For this reason, investigations were required to
define tile conlpatibility of materials suitable for use in fluorine or FLOX

environments. These studies were conducted "it Lewis in three separate
programs:

(1) Studies of the effects of exposure of various nonmetals to gaseous
and liquid-fluorine atmospheres at atmospheric pressure and

1500 pounds per square inch gage under static conditions

(2) Studies of tile effects of exposure of various nonlnetals to gaseous

and liquid fluorine and FLOX under static conditions and

atmospheric pressure

(3) Studies of the effects of gaseous and liquid fluorine and FLOX

under flow conditions with pressures up to 1250 pounds per
square inch gage and flow velocities of 280 feet per second

(liquid} and pressures to 400 pounds per square inch gage and

flow velocities to 900 feet per second (gaseous)

Results of the static exposure tests are discussed in the following sec-

tions. The dynamic tests are discussed in detail in section 3.3.3. Samples

were deliberately tested to destruction to determine coInpatibility limits
as affected by the various parameters.

3.3.1 Static Studies

In the early phases of fluorine work at Lewis, investigations were

conducted (refs. 4 and 23) to deterInine the compatibility of nonmetals

with fluorine (1) to elassify relative compatibility of nonnletals and

!2) to determine any nonmetals suitable for use as bearings and seal

materials, sealants, and lubricants for possible fluorine service. These

studies involved static exposure to both gaseous and liquid fluorine and

were conducted first at atmospheric pressure and l'tter at 1500 pounds

per square inch gage. Liquid-fluorine tests were conducted at -320 ° F,

and gaseous fluorine tests were conducted at room temperature. The

materials investigated and the results are given in table 3-X.
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Most of the materials were not sufficiently compatible for use in

fluorine systems; however, the tests did demonstrate the typical charac-

teristics of fluorine in showing remarkable inhibition to reaction with

many nomnetals under nonflow or static conditions. Recognition of this

fact is important in dealing with fluorine. Later investigations tinder
dynamic conditions with some of the more resistant materials (section

3.3.3) substantiate this conclusion.

Consistent results were obtained in both liquid and gaseous tests in

indicating that an increase in pressure (0 to 1500 psigj increased reac-

tivity. Under gaseous conditions, all but two of the materials reacted

when the pressure was increased to 1500 pounds per square inch gage.

3.3.2 Static Compatibility Tests

Reactivity of elemental fluorine had been defined by earlier work

(section 3.3.1), but little information existed on the effects of reactivity

to be expected from addition of oxygen tO fluorine. To define these

effects, a program involving static exposure of nonmetals to both fluorine

and FLOX was conducted (ref. 24). The resulting information was the

basis for later dynamic studies (section 3.3.3).

In the static liquid FLOX compatibility test program (ref. 24), the

sample was placed on the movable sample holder rod (fig. 3-14),

Ltqu_a-
nitrogen r _ I"--1

I
reservoir 0 _ _l'_F

[ l Sample I Rotameters --" _ t-r' _i_

 e t,,o II
charcoal l_-,l_i_---'-] _ (_ I

reactor) .,-_, _ I I I I I I

Steel cylinder _I = boiloff gas7
i ," t,

t I x, \
(_Sample-. _I ll_xll 'k-Stainless-steelplate x Manualvalve

.l ' "_II ]i'--Tef on gasket _ Manual valve(remote handle)
::: _ : "- Pressure gage

:_Dip tube--_\ ] _ _-- Liquid-nit rogen (_

."_":._.[ glass Dewar _ Liquid test tubing

i l d = 2"l Ix---3OO-ml graduated ---- Gaseous test tubing

glass cylinder -- Auxiliary tubing

F]GU]_V 3-14.--Schematic drawing of FLOX system for static tests.
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inserted 1)y remote control into the FI,()X mixture, and exposed to

FL()X for 15 seconds. The sample was then agitai.d for another 45

seconds. [f no reaction occurre(t, the samph' was withdrawn into tile
helium-inerted tube. More fluorine w'_s added to increase the FLeX

concentration an(t the samt)le reimmersed. If lhe saml)le survived the

maximum FL()X concentration used (80 to 85 1)('r('ent), it was then

immersed and agitated in f)ure liquid fluorine for 5 minutes. If the

sample survived, it was removed, insl)ected , and reweighed.

In the gaseous tests, the Saml)le was heht stationary on the sample

hohter (fig. 3-1,t). (laseous FL()X, at contl'olled concentration and

pressure _2 l)sig or less), was slowly passed througl/ th(, test chamber

for 3 minutes at each concentration. The concentration was increased I)y

increasing the rate of fluorine flow relative to the oxygen ttow.

Results for till the materials teste(t statically in _ast!ous and liquid

FLeX are given in the form of a bar graph in li_u_'e 3-15 (ref. 24).

Identification and structures of materials teste_l are given in table 3-XI.

In the figure, tile gall between nonreaction and the reaction symbols is

ex1)lained by the fact that concentration was incrt, as('d incrementally,

and this gap ret)resents an unknowl_ region of reactivity. Examination

of tile results inttictm_s that re'l('tivity with b'IA)X is a funetion of

fluorine con(.ontration. It must I)e emllhasiz,,d, ll(_wcver, that these

results were (>l)taint,d under c'm,fully ('ontrolh,d c<)n, litions. The reac-

tion point in the figure represents the ma:rt'm_m vonc(,ntration these

materials may withstand m:der ideal static con(tili(m._. In practice, a

wide margin of safety should he used to allow for \':triation of quality

control ill production of the materi_d.

In the liquid testing, when a reaction occurrt,d it was either an explo-

sive reaction or a relatively slow-burning surface reaction. The nature

of the reaction seems related to the degree of l,oYosity of the material

and its ability to ahsorl) fluorine. \Vhen :t reaction o_'curred between a

porous material an(t fluorine or FI,()X, it was u-nally quite violent.

Therefore, in the physical makeup of the nomnetallio materials porosity

appears to h:tve an important effect oil the tyllc of reaction. The reac-

tions that occurred after longer time delays seem del)endent on a surface

initiation with a highly variable and unpredictable induetion period.

The explosive reactions observed were similar to those observed between

fluorine and water or crystalline carbon (refer to section 3.1.2).

Tile gaseous static FLeX tests were run at atmospheric temperature

and pressure conditions. Since a temperature difference of about 350 F °

existed between liquid and gaseous FLEX, it was initially expeeted that,

with gaseous FLeX at the higher temperature, the fluorine concentra-

tion required for reaction would be less than that rt,quii'ed for the liquid

exposure. Normally, an increase in temperature increases tile possibility

of ignition as well as the reaction rate; howev(,r, as figure 3-15 shows,
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Rulon h ...........

Estane ............

Fluorel ...........

Mylar ............

KEL-F-82 ..........

KEL-F-8[ ..........

Kynar

Polyethylene film ......

Luc ire ............

Teflon FEP .........

Halon TVS .........

15 Percent glass-filled TFE

Viton A ...........

Polyurethane foam ....

Graphite ..........

LS-53 fluorosilicone rubber,

Nylon ............

Tygon ............

Neoprene O-ring .....

Polyethylene cube ......

LS-63 fluorosilicone rubber

i

BunaN ........... i

Bakelite (type FBI) ..... I
I

A Reaction, gaseous

• Reaction, liquid

No reaction, gaseous

No reaction, liquid

•: :': ":':' :. :' :' :-:< ':' :' :' :-:-: ":":': :" :-:":':" :' :' :":': ':' :.: :. :+: :.: :.:-:.:. :.'." "_:'.' :-.-'; ;': :' :': ": +:. :. ;-;-;. ;.;. ;....-.., .......-.-........._............-.-...... :. :-:-: .: :. :. :.:.: .:+ :. :. :. :. :.1

,\\ \\ \\ \\\\,c-,\ \\\\\\\\\\\\\\\\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\_

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: ............................... :::::::::::::::::::::::::::::::::::::::

X \ \\\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ \ \\\\\\\\\\" \\\\\\\\\\\\\_

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\M /_.

:':+:':':':':':':':': +:':':':':':':':':':':':':':':':': ..................................... :';';':';':-;-;-;':':':';';';';';';';';':-;';-1 •

,\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\".,\\\\\\\\N

;_x":":.:.:':_:<_:.:.:.:.:":":"_":_:.:`:.:.:":.:4.:.:_:`__>>:_:_:4_:">:+:+:+>:_:.:_:+:">:_:.:_:+:":.:+:+:"'.":.:4':_:_H.;+H.N.>2H_:+_._.::.:1 •

.;.:.:.:.:.:.: + :.:,:.:.:.: +:.:.:.:.:.:.:.:.:.:.:.: +:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.: ................ ...... •,,......,...,,.....,................,.>x.x.:.;1 •

::::::: :2 ;:: 2:2 :::::::::::::::::::::::::::::: :.:. :.:.:.:. :. :, :.:.:.:.:. :.:;:;:.:;:.:. :; :. :.:.:;:;:;:;:;:;:;:;:;:. :-:. :.;.;.;-;. ;-;. ;.;-;.;-;.;. ;.:.;.:.:. :.:. :-:-:.:,:.:.] •

\\\\\\\\\\\\\\N\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ \ \ \ \ \ \ \\\\\\\\\\ N \ %N\_

,\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ \\\\\\_\_\\\_

_:_:_:_:_:_:_:_:___:_:___:_:_:_:_:_:_:.:_:_:_:_:_:___:___:_:_:_:_____:___:_:_:_:_:_:_X___:_:_:_:_:;:;:;:_:_:;:_:4.:_:_:_:_:_:_:_:;:;:_:;:_:_:_:_:_:_::::_:_::!•

`\_\\\\\\\\_\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\_\_\\\_\\_\_1

_\\\\\\\\\\\\\\\\\\\\\ \\\\\\\\\_-\\\\\\\\\\\\\\\ \ \ \ _ \ \ \ \\\\\\\\\\\\\_\_ \ _ \ \ \ \ _ \ _1

;' ;' ;";":';t:' ;t2;:;:;fi:;:;t ;1;:;:;r;:; :;: ;:;: ;::::::::" :";" ;";-;. ;-.' ;-;";':" ;' ;";' ;":";' :":' ;" :";" :";";' ;";! •

I I I I I
20 40 60 80 100

Fluorine in FLOX, percent by weight

FIC, URE 3-15.--Static compatibility test results for solid nonmetals in FLOX. Liquid

FLOX temt)er_ture, --320 ° F; gaseous FLOX temperature, 20 ° to 40 ° F; pressure,

atmos])heric (ref. 24). (These results shouhl not be used as a guide in soleeting

materials to withstand dynamic conditions or pressures grPater than atmosl)heric. )

reactions occurred more readily in liquid than in gas for t)articular con-

eentrations. Since the only parameter changed here was temperature,

the greater reactivity appears to be caused t)y the higher molecular

density (fluorine molecules pcr unit volume) of the liquid; that is, thc
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F[(;URE3-16.--Typical slow-burning surfac(, r_,action of neoprene

effect of the gl'eater availability of fluorine atoms tu participate in the

reaction in the liquid case scetns to exceed the et'f(_ct on reactivity nor-

mally obtained from an increase in tenlperatu,'c. This explanation was

also supported by the l'esults of the high-l)ressur(' tests (section 3.3.111.

In tha_ series of tests, the increase in the mo}ccuhtr density of the gas

at 1500 pounds per square inch gage, as well as the temperature effcct,

caused a higher reactivity than in the liquid case. Therefore, the higher

enthalpy of the room-temperature gaseous systen_ at atmospheric pres-
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O-ring in 83.5 percent FLEX. Film speed, 24 frames per second.

sure was not in itself sufficient to cause higher reactivity of the gas, but

by increasing the pressure to 1500 pounds per square inch gage with

resulting increase in molecular density, tile reactivity exceeded that of

the liquid. This reactivity factor is further discussed in section 3.3.3.5.

A typical slow-burning surface-reaction sequence (fig. 3-16) shows a

neoprene ()-ring being tested in 83.5-percent liquid FLeX (83.5 percent

fluorine by weight in a fluorine-oxygen mixture). The reaction, once

initiated, seemed to propagate itself over an increasingly large area;
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burning was smooth and quiet. The sequence shown occurred in

1/2 second.

Samples that exhibited reaction delay in the gaseous tests were
observed to smohhw before igniting. In other woMs, th(' m'tterial reacted

slowly until its combustion temperature was reached, at which time it

ignited.

3.3.3 Dynamic Tests

A dynamic test program iref. 241 was carried out to dcfine velocity

effects on reactivity of selected nonlnetals with various FLOX concen-

trations, since exl)el'ienee with fluorine system f'tihm'_ showed that most

Liquid-nitrogen bath

Test chamber _. ".... \]___L\
Rotating-vane flowmeter _ --.

Venturi .... I-I] \

FIowmeter
/--3/4-in.tubing \I

314-in.tubing--,,

Heater-

Liquid-nitrogen

bath
\

\ (

Load cell ._. : ....... :

"-'-'ll ii ?'1'ii Fillline

Liquid-nitrogen bath_

/

't-Test sections I

Gas-measuring 1.,,, I- 3_4-in.

orifices.. __ L

Water pump

.. , ,.._4/ .. _-i.iJ _-Surgecontrol

L-Heat exchangerI:....

_, _, ......., .......ll _,i _--!] , It Y[J

tubing

(_ Pressure gage
Thermocouple

Re;-_ot_ valve

Liquid system

--- Gas system

Flow control valve

--E3-- Dilferential pressure gage

FmuaE 3 17...-Sch_,matie drawing of FLOX syst('m i'()r ,lymmfic h,sts (ref. 24).



COMPATIBIIATYOFMATERIALS 97

ignitions occurred with combinations of high pressures and high velocity.

Test data from this l*rogram revealed that reactivity varies as a func-

tion of increasing flow velocity and increasing FL()X concentration in a

predictable manner. Generally, the fluorocarbon polymers, particularly

the fully fluorinated straight-ehain polymers, were most compatible
with fluorine and FL()X (ref. 24!. The test progranl was essentially

divided into three phases: (1) an initial study to determine the effects

of pressure at flow velocity, 12_ a series of liquid-phase FLex tests to

define the effects of flow velocity and concentration on the reactivity of

FL()X with selected nonlnctals, and _3! a series of gaseous-phase tests

to define the effects of flow velocity, FL()X concentration, and ambient

temperature on the reactivity of FL()X with selected nonmetals.

The test. apparatus used for the dynamic tests is shown schematically

in figure 3-17. The specimen materials were fabricated into tubular

orifices (see fig. 3-18) and installed in the test legs of the apparatus.

Section A-A

Fu;tlt_v: 3-1g.--l)ynamic FLeX test-specimma holder (rcf. 24). (Not drawn to scal_.)
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Flow through the specimen was achieved by pressurizing the flow tank

with helium gas to the required pressure to obtain maximum flow, while

maintaining only slightly more than :_tmosphcrie pressure in the receiver

tank. The flow rate was then controlled by oper'ttion of a flow-control

valve loeate(t downstreanr from the specimen. Fh)w quantities were

measured hy the turbine flowmeter and venturi meter.

The testing procedure for this program involved increasing velocity
in increments (for each FLOX concentration): smaller increments were

chosen as the suspected reaction point was approached. Successive runs

were made through each specimen (at increasingly higher pressures in

the flow tank to provide higher nmximunl veh_('itiesl until reaction
occurred.

The first ptmse of testing involved varying pressures up to 400 pounds

per square inch gage at a flow velocity of 12.2 feet per second. Since no
reactions occurred for the materials tested, it was (,oncluded that the

effects of pressure on reactivity I from tlw pre._surization required to

achieve flow) wouht be negligible when compared with the effect from

velocity. Since a pressure effect is present in any confined flow situation,

the velocity effects on reactivity shouht be valid for an equivalent

condition in an operational system.

The niain conclusions drawn from the dynami(, tests (ref. 24) are as
follows :

(1_ Some nonmetallic materials nmy he eonsider_,d for use in rocket

systems with fluorine or FLOX under controlled conditions of exposure;

however, because of possible variations in quality and because non-

metals are more sensitive to contamination than metals in a fluorine

environment, a margin of safety shouht be provided based on the accept-

able level or risk for the particular application. Where flight reliability

is required, qualification testing must he performed.

(2) Generally, the highly fluorinated and highly chlorinated materials

are more suitabh, for use in fluorine or FL()X systems than materials

containing atoms such as hydrogen in their molecular structures or

materials impregnated with some noncompatible additive. Of all mate-

rials tested, the polytetrafluoroethyh'nes, Halon TFt_; and Teflon TFE,

are the most promising for practical al)plication in fluorine or fluorine-

oxygen environ,uents.

(3) The strong significance of flow velocity on reactivity of non-

metallic materials with fluorine or FI,OX indicates th:it some of these

m'tterials are suitable for use as static seals if it is assumed that no con-

tamination is present. Exposure to direct flow {j,articularly in the liquid

phase) should be avoided except under conditions where tire risk is

acceptable.

(4} The orderly molecular arrangement of the more crystalline
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materials makes them less susceptible to fluorine attack than the

amorphous materials with their irreguhir molecular alinement. A mate-

rial selected for use should therefore be of the highest crystalline form

available for the particular material.

(5) The reactivity of nonmetallic materials with fluorine and FLOX

increases as a function of molecular density (number of molecules per

unit volume) present at the point of reaction initiation.

a.3.a.] Reactivity profiles ]rom liquid tests.--From data obtained in

the dynamic tests, reactivity profiles (flow velocity at burnout as a

function of FLOX concentration at burnout) were generated for selected

materials (ref. 24). Since a material must be tested to burnout at sev-

eral concentrations in order to generate a reactivity profile, only the

materials of greatest interest were chosen. A composite of these reac-

tivity profiles is shown in figure 3-19. (Fig. 3-20 shows those materials

for which only a single test was made.)

It should be emphasized that the data were obtained under carefully

controlled conditions. The reaction line in the figure represents the

maximum concentration and/or velocity these materials may withstand

under ideal conditions. In practice, a wide margin of safety should be

used. Differences in reactivity with fluorine are possible with supposedly

identical materials because of variations in fabrication processes, which

may produce voids, impurities, or other differences in the material.

Therefore, materials selected for use in a fluorine or FLOX environment

'._ __ Rul0nA _ .

KEL-F-_

o:
0

r 7 -J-- r $ i

Maximum nonreactivity limi_

-- ,_ region above and to right is_ reactivity region; region below

and to left is nonreactivity region

11
,_2100 _8)_eF_ o n

1 ]'--7! , t
40 80 120 150 200 240 280

Flow velocity, ft/s_

FmURE 3-19.--Composite liquid FLOX reactivity profiles.
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Fluorine concentration

Maximum velocity without reaction
• Reaction

Nic keI- Ill Ied ...-.*:........,.:.:...,.............,....._.:.....,...*.....-......:....-.........,,,..,......-.., ....,-............+:..+;.;.:.;.3
Teflon -..a........................ •

CP E 403 XCL ,\\\\.....,-...,....\..-....,, •

.:,:.:..., .,. ...... , .............. ........v.,.,......v.....;.,.Z.;.;t

CPE 402 _\\\\\\\\\\\_1 •

CPE 401 _ •

Lucite _x\\_\\\\\..\\,\\\\\_•
--_J_ I L i _ L._ _!______J

0 20 40 60 80 100

Concentration of fluorine in FLOX, percent
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F](;L'RE 3-20.--Dynamie liquid FLOX comlmtibility tests (single data points, ref. 24).

Pr_,ssure range, 100 to 400 pounds l,'r S(lllare in('h gag_'; temperature, --320°F;

sl,eeimen configuration, 0.25-inch orifices.

should be of the highest possible quality. It shoul,1 be remembered that

the activation energy required to initiate reaction wit h these nonmetallic

materials is not appreciably greater than the energy level that exists

under some nornlal exposure conditions. This is particularly true when

these materials are exposed to the flow of liquid fluorine or FLOX.

Therefore, when exposure includes a high flow rate of liquid fluorine (or

FLOX of high concentration) only a relatively sin,ill increase in flow

rate, or the presence of a minor amount of contamination, eouht result.

in reaction initiation. Because of the lack of st'_tistieal test information,

no fixed factor of safety can be given; the margin _o be used should

depend on the acceptable level of risk for the Imr',i(:uhu' application. In

all applications of nomnetallic materials, the severity of environmenta!

conditions shouht be minimized by avoiding direct exposure to flow if

possible. The most FLOX-eompatible materials that fulfill physical

requirements should be chosen when nonmetals must he used.

:3.3.:<2 Typical reaction.--A specimen of Lucit_ was tested to failure

under dynamic conditions (ref. 24i because it is transparent and the

reaction initiation and propagation can be fJmtographed easily. 1Reac-

tion of this material occurred at a flow wqoeity of S,t fl_et per second and

is shown in figure 3-21. (Distortion was caused by photographing

through liquid nitrogen.) In this close-up view. the first frame shows

FLOX passing through the speeimen. The second frame shows reaction

initiation about 1/'24 see later). A projection review of the original

fihn showed that this reaction was initiated at the inlet near the end of
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the throat curvature (see fig. 3-21) of the test st,ecimen (not visible in

the figure since contrast was lost in making the print). Reaction was

then prot)agated over the entire surface of ttw channel in the specimen.

The remaining frames in figure 3 21 show the reaction at increasing
stages in its t)rogression.

3.3.a,3 Gaseous dynamic testing.--High-velocity flow tests were per-

formed with pure gaseous fluorine to explore the effect of velocity on
reactivity (ref, 24). Table 3-XII shows nine lnateri'ds that were fabri-

TABbr: 3-XII.--GAssovs FLI:ORINI_: COMPATIBnATY TESTS (REv. 24)

Material

(1/4-in. tubular orifices)

Halon TFE ................

Teflon TFE ...............

Rulon A ...................

Kel-F-81 ..................

Teflon FEP ................

Halon TVS ................

Kel-F-81 amorphous ........

Kel-F-82 ...................

Kynar .....................

• Instrument malfunction.

Duration Of sonic
! Average velocity for

velocity of 900 ft/sec, i 30-s[,(, 1)cried, ft/sec
see

1

10

"Unknown

11

4

5

8

9

16

2

825

Unknown

750

825

750

7OO

850

880

825

cated into 1/4-inch orifices and exposed to 30-see, end test runs at increas-

ing velocities. These materials withstood maxinmnt conditions of gaseous

fluorine flow of 900 feet per second (sonic flow) for several seconds and

average velocities of 700 to 880 feet per second for the test run. Table

3-XIII shows three materials that were fabricated into 1/8-inch orifices
and exposed from 5 to 30 minutes to sonic flow rates. While all the mate-

rials tested survived exposure to sonic flow rates, only the TFE (table
3-XIII) held up under the maximum 30-minute time obtainable with

the test apparatus and procedure (see section 3.3.3.5).

TAIILE 3-XIII.--GASEOUS FLUOaINE T1ME-I_:xPostm_: Tl_:s'rs (tl_;F. 24)

Matorial (1/8-in.

tubular orifice)

TFE ...........................

Kel-F-81 amorphous ............

KeI-F-82 .......................

Velocity

without Time,

react ion. rain

ft,/see

900 (sonic) 30

372 30

279 30

Veloeity

l }l{t'_ c,'l.II8od

reaction,

ft/see

No reaction

900 (sonic)

900 (sonic)

Time,

mln

30

5

15
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FIGURE3-22.--Gaseous FLOX reactivity profile for Viton A (ref. 24). Temperature,
60° F; sample configuration, 0.20-inch orifice.

A reactivity profile for Viton A is shown in figure 3-22 (the only

material for which the required test runs were made). The explanations

of the curve and precautions given for application of the liquid reactivity

profiles also apply for this figure. From these limited data, it appears

possible that a step occurs in the reactivity profile for Viton A at sonic
velocity, although the curve does not indicate this. Reactions for this

material usually occurred at sonic velocity, before the backpressure

buildul) reduced the velocity. Only at the 34-pcrcent-FLOX concentra-
tion was sonic flow maintained (for 9 sec) without reaction; after this

time, the velocity decreased to an average of 700 feet per second for 60

seconds.

3.3.3.4 Crystallinity effects on reactivitg.--Tests of chlorotrifluoro-

cthylenes in crystalline and amorphous forms revealed that the crystal-
line form was more resistant to reaction than the amorphous form (ref.

24). This led to an attempt to control crystallinity in materials.

X-ray diffraction photographs were taken in the Lewis diffraction
laboratory in an attempt to measure the crystallinity of Kel-F and
other materials. These studies provided a means for making compari-

sons of crystallinity among different materials. Figure 3-23 shows

X-ray diffraction photographs of five different materials. The relative

(tcgree of crystallinity is estimated from the relative sharpness of the

diffraction rings. Teflon TFE appears to bc more crystalline than Teflon

FEP. The difference in crystallinity is similarly apparent between

crystalline and amorphous Kel-F-81. The figure also shows that heat-
treated Kel-F-81 amorphous haw a degree of crystallinity similar to

crystalline Kel-F-81. These photographs demonstrate that the heat-
treating process transforms the amorphous material to a more crystal-

line state. Also, this crystalline form is more resistant to reaction than

the amorphous form from which it was created.
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(a) T_flon TFE. (I)) T, ft(m FEP.

(c) Crystallin(' Kcl-F-Sl.

(d) t(('I-F-81 anl(wt_l,m.-.

(e) K('I-F-81 amort)hous (heat ll'p:tI(_l]).

Fm,,TRn 3-23.--X-ray diffra('tion l)atl(_rns (r,f. 24).
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FIGURE 3-24.--Liquid FLOX compatibility profiles for erystallinity effects for

Kel-F-81 (ref. 24).

Different degrees of crystallinity are obtained by varying the cooling

rate during the molding process, where faster cooling rates produce more
amorphous materials. Since test data show that Kel-F-81 amorphous

reacted under less severe conditions than crystalline Kcl-F-81, an

attempt was made to transform Kel-F-81 from the amorphous to the

crystalline form by heating two amorphous specimens to a temperature

just below the melting point and allowing them to cool slowly (33 F°/

hr). Theoretically, this treatment should transform the material from

amorphous to crystalline. These specimens were tested in the same man-

net as the other Kel-F-81 specimens and gave a reactivity profile that

falls in the same general position as that of the crystalline Kel-F-81

(fig. 3-24). On the basis of the limited number of data points taken,

the heat-treating process increased the resistance of the material to

FL()X (which indicates that the orderly arrangement of the molecules in

the crystalline form makes the material less susceptible to fluorine

attack than in the amorphous form with its irregular molecular aline-

ment). When one of the fluorocarbons is being selected for use in

fluorine systems, the most crystalline form available should bc used.

3.3.3.5 Other ]actors af]ecting reactivity.--Some factors other than

velocity and FLOX concentrations were also observed as affecting

reactivity (ref. 24) :
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(1) Exposure time: In order to attain su,_ttdned high velocities to

gain information on the effect of exposm'e tini(,, it was necessary to

reduce the specimen orifice diameter from 1/.t to 1/'8 inch to provide

longer run times. Three specimens were tested liable 3-XIII), and sus-
tained velocities up to a maximum of sonic wer_ attained in each case.

TFE successfully withstood pure gaseous fluorine flow at sonic velocity

of 900 feet per second for 30 niinutes; Kel-F-81 'mmrphous ignited after

5 minutes at 900 feet per second. All three sp_,eimens had just previously
been exposed to lowcr flow velocities (see table 3-XIII for 30 minutes

without reacting.

A Viton A specimen was exposed to gaseous 50-percent-FLOX flow at
200 feet per second for 30 minutes. There was no reaction at t.his veloc-

ity during the extended time run. In order to obt'iin 'in additional data

point for this material, the sl)eeimen was then subjected to sonic velocity
of 900 feet per second. The specimen reacted ahu()st ilnmediately.

The effect of exposure time on reactivity of liquid FLeX was not spe-

cifically examined; however, many short-duration test runs were con-

sistently made on the same test sI)ecimcn with no effect until the reaction

conditions for the material (concentration and v(_locity) were reached.

The reaction points seemed to be in(tependei_t ()f th(_ t_)tal exposure time

leading up to the reaction conditions. Additionally. past Lewis experi-

ence has shown that TFE can t)e used successfully in valves for packing

and seals for prolonged time periods (several months of intermittent use

without effect is not uncommon). Therefore, exposure time in itself is

probably not a significant factor in reactivity of _dther gaseous or liquid

fluorine or FLEX. It may have some effect at marginal FLeX concen-

trations •rod flow velocities; however, some very long run times, hours

rather than minutes, would be needed to verify this possibility.

(2) Phase effects: Normally, at a higher temperature, a material is

closer to its enthalpy of activation. However, reviews of both static and

dynamic test results revealed that both FL()X and fluorine were much

more reactive as cryogenic liquids than as ambient gases. According to

reference 24, the higher molecular density in the liquid phase had more

of an effect on reaction initiation than did the higher temperature of the

gaseous phase. The decreased reactivity due to the diluent effect of

oxygen in a FLeX mixture also seems to suhstau_iate the premise that

reactivity is partly a function of the molecular density of fluorine at a

potential react.ion zone.

The effect ohserved during static tests is discussed in section 3.3.3. The

greater reactivity of the cryogenic liquid was also noticed in the dynamic

tests. A comparison between the liquid and the gaseous reactivity

profiles for Viton A (figs. 3-19 and 3-22) shows that much higher

velocities were required to obtain reactions with gaseous FLeX than
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with liquid FLOX at similar concentrations. This fact, together with tile

fact that many other materials which did not react with gaseous fluorine

at sonic velocity did react with liquid FLOX at much lower velocities,

is evidence that the cryogenic liquid is more reactive than amhient

temt)erature gas at l)rcssures up to 400 Imunds per square inch gage. The
effect of higher molecular density for the liquid seems to exceed the effect

on reactivity that is normally characteristic of increases in temperature
and enthalpy.

(3) Contamination: The importance of cleanliness in a fluorine

system'is generally well recognized. All fluorine or FLOX systems should

be free from moisture, dirt, oil, grease, and other such contaminants.
Reactions of fluorine or FLOX with significant accumulations of foreign

materials can trigger a reaction with the system, and particularly with

any nonmetallic components. (Cleaning procedures for fluorine systems

are included in chapter 6. The cleaning procedure used for the

nonmetallic samples tested in this program is included in section 6.2.1.)

a.a.a.6 Reaction rates.--With explosive reactions, it was observed that

a large portion of the test specimen usually remained after reaction

(with either the liquid or the gas). Graphite, which is a very porous

nmterial, reacted explosively with 100-percent liquid fluorine after a

1½-minute delay. After the test, 85 percent of the sample renmined

intact. Reaction characteristics of crystalline and amorphous carbon

are not alike. Amorphous carbon is hypergolie with fluorine even at very

low concentrations and will burn smoothly even with liquid fluorine or

FLOX, while crystalline carbon shows a strong initial inhibition to reac-

tion with fluorine, but reacts explosively when reaction occurs. If reac-

tion is initiated, however, it is self-sustaining and produces the same

reaction products as amorphous carbon (mainly carbon tetrafluoride gas,

refer to section 3.1.2.2 ).

Rulon A, which is polytetrafluoroethylene (TFE) impregnated with

a molybdenum disulfide filler (for better wear characteristics), reacted

explosively, whereas the nonimpregnated polytetrafluoroethylene burned

smoothly. Fluorine should have the tendency to react, with molybdenum

disulfide (see Molylube in table 3-X), and therefore the presence of the

filler affected not only the material reaction point but also its rate of

reaction. Kynar, which is an unimpregnated resin, also reacted explo-

sively. As shown in table 3-XII, however, this material contains many

hydrogen atoms in the side links of its molecular structure. There was

a general tendency for materials with high hydrogen content to react

explosively. As in the ease of graphite, the materials may absorb FLOX

interstitially to a certain depth, and the ensuing reaction may involve

only the portion of the material that has absorbed FLOX. The explosive

reaction then separates the reacted material from the unreacted material
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and prevents further reaction. In slower burning reactions, ignition

began at the surface of the material, progressed over an increasingly
large area, and burned inward until the source of reactant was depleted.

a.:_.a.7 FEP-TFE discrimination.--During (!ompatibility tests for

polymeric materials (ref. 24), polytetraituoroethylene (TFE) proved to

be preferable to FEP (fluorinated ethylene l)rot)ylene _ for use in fluorine

or FL()X systems (fig. 3-19). However, a reliable method was required

to discriminate between the two basic typ('s, since a particular stock

item (with the same physical appearance) could be formed from either

material. To define some simple tests to differentiate between these two
materials, studies were conducted at Lewis with the following results:

(1) TFE characteristics: At ambient temperatures, polytetrafluoro-

ethylene (TFEi resin tends to be crystalline and very opaque. If no

pigments have been added, it is normally a milky-white color that can

vary to light gray or light brown. Unless sore(' type of cold-forming

[)recess is used, the material will not adhere to itself below 620 ° F;

at)eve this temperature it becomes amorphous and sublimes. The
molecular structure for this material is

I I

--C--C--11 J
F F

(2) FEP characteristics: Fluorinated ethylene propylene (FEP)

tends to be more translucent (than TFE) at ambient conditions. It. does

not sublime like TFE, but becomes a very viscous fluid above a 500 ° to

530 ° F range. In addition, the material adheres to itself above this

melting point range. The structure of the material is

F F F F

1 I 1 '
--C--C--C--C--

I I ! i
F F F--C--F F

I
I

F x

{3) Sample differentiation tests: To determine whether the material

to be used is TFE or FEP, the following general u,sts were used and can

be al)plied in the field:

(a] Melting point test: The sample is heated to between 530 ° and

600 ° F. The Lewis tests indicated that the sample will melt if it is

FEP, while if it is TFE, corners will remain sharp and no signs of

slumping will be apparent.
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(b) Adherence test: When samples are stacked on top of each

other and heated to 600 ° F, the FEP samples will fuse together, while

TFE samples will show no signs of cohesion.

(e) Deformation test: A weight (15 g) is suspended from the

sample by a wire looped over the sample. The sample is then furnace
heated to 550 ° F to check defornlation from an applied load. After

10 minutes at 554 ° F, the TFE should show no signs of elongation,

while the FEP sample should be completely cut through by the weight.

3.3.4 Investigation of Soft-Seal Material Applications

In the course of developing a zero-leak shutoff valve design concept

(section 4.4.1), tests were run on six soft-seal materials in 100-percent-
fluorine environments (ref. 5). The tests employed a minimum-exposure

technique, in which the specimen was surrounded to a maximum degree

with metal to increase local thermal conductivity (see section 3.1.1.3).

It was expected that reaction of the fluorine with seal materials would

thus be minimized. That this occurs is borne out by the test results with

nit.roso rubber, which could normally be expected to burn when exposed
to the flow of liquid fluorine.

The niaterials tested included

(1) Nitroso rubber

(2) Itigh-percentage glass-filled tetrafluoroethylene (Fluorogreen

E-600 and Fluorobrown)

(3) High-percentage metal-filled tetrafluoroethylene

(a) Nickel filled

(b) Copper filled

(c) Bronze filled

In the design of the test-valve seal retainer, the soft-seal material was

protected by minimizing its exposed surface area (refer to section

4.4.1). This, together with the heat-dissipating characteristic of the

surrounding metal, tended to inhibit a combustion reaction (refer to

section 3.1.1.3).

Test results showed surface decomposition in the nitroso rubber sam-

ple over its shielded area as well as over its exposed annulus. A layer of

porous, gumlike parent material covered the entire specimen after an

exposure of 61 seconds. After 178 seconds of exposure, the annulus of the

glass-filled polytetrafluoroethylene (Fluorobrown) was pitted because

of noncomhustive reaction with the fluorine. Approximately one-sixth of

the specimen was lost in this manner. The Fluorogreen E-600 showed

no evidence of deterioration after 63 seconds of exposure.

Under visual examination after exposure, neither chemical change nor
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fiber migration due to erosion was observed in th(' metal-filled polytetra-

fluoroethylene sample. A comparison of the weights of the samples before

and after testing quantitatively confirmed the observation. Thus, no

conclusion could be made regarding any inhibiting effect on chemical

reaction from addition of metal fillers to llolytetrafluoro('thylene.

The major v'tlue of these tests was in demonstrating

(1) That fluorine conq)atibility of a material ('an be enhanced by

t)rotecting it from the flow stream and by minimizing surface

oxt)osure

(2) That high thermal conductivity reduces the tendency to com-
bustive reactions

3.4 FLOX SPILL TESTS ON COMMON MATERIALS

The use of fluorine or FLOX as an oxidiz_,r at rockt_t installations

requires data on reaction characteristics to be ext)ected if fluorine or

FLeX is spilled on some conunon materials (sand, slag, etc.). To gain
information on hypergolicity, cloud formation, and other reaction char-

acteristics with some of these materials, t(,sts were _onducted at Plum

Brook in 1964 (ref. 25), by spilling 5- to 10-pound (lu'mtities of fluorine,

FLOX, and liquid oxygen onto test st)ecinlens of reI)re,*entative materials

that might be used in rocket installations.

The test apl)aratus, shown in figure 3-25, consisted of a 3½-gallon

liquid-nitrogen-jacketed stainless-steel tank with appropriate fill and

vent lines, a remotely controlled spill vane, and a spill pipe. The

valve was insulated with asbestos l)adding, and the, spill pipe was cooled

by a liquid-nitrogen coil and purged with helium. Sl)ills were made on

samples contained in 12-inch-deep 3-foot-squarr stainless-steel pans.

The results of the tests (ref. 25) are included in tal)les 3-XIV and

3-XV. Spills listed arc those made with 100-t)er('ent fluorine and

30-percent FLeX f30-percent fluorine by weight in liquid oxygenS.

Spills were also made with liquid oxygen to gain comparative data and
these are included in table 3-XVI.

In the spills involving use of 30-percent FL()X, 10-t)ound quantities

were spilled on various materials. It was observed that when no reaction

occurred, the toxic vapors merely drifted downwind close to the ground.

In other eases, with spills on asphalt, for cxampl(-, there was a small

reaction with little heat release. In such cases, the reaction cloud

rose at very low 'ingles. In some reactions, for example, 30-percent

FLeX with JP-4 fuel, several rapid microexplosions occurred over a

period of 1 to 2 seconds. A yellow fireball formed and expanded to a

diameter of 25 to 30 feet (fig. 3-26), and a turbulent black cloud emerged
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FmURE 3-25.--Apparatus used for FLOX spill tests (ret'. 25).

from the fireball. A marked "stack" effect was produced as the cloud

rose rapidly and almost vertically. An atmospheric fire on the JP-4 fuel
surface continued for more than 1 minute before it was manually extin-

guished. The loud sputtering effect or multiple explosions were also

noticed when FLOX was spilled on JP-4-fuel-soaked sand and oil-

soaked sand. Slow-motion close-up motion pictures of the reaction with

oil-soaked s_nd distinctly showed three large reactions and ahout five

smaller ones, all of which occurred within less than 1 second. In an

atteinpt to smooth out the nmltil)le explosion effect of the FLOX-,JP-4

fuel reaction, 30-percent FLOX was spilled into a JP-4 fuel stream.

As shown in table 3-XIV, the multiple explosions still occurred. A

similar test was made with a coarse spray of JP-4 fuel. Multiple
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(bl

(a) Fireball.

(b) Roa_,tion cloud (2.5 s_,_' later).

FW,trRE 3 26.--Spill tests of 30-percent FLeX onto JP-4 fuel at Plum Brook.
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explosions were again noticed t)ut the reactions w(,re very rapid, less

severe, and considerably smoother. In this te,-t, :t large, distinct, hori-
zontal smoke ring formed and moved slowly upward.

When 30-percent FLOX was spilled into lttke water, there was no

reaction; however, a later chemical analysis rive:tied that the acid
content (presunr_bly hydrogen fluoride} of the w,m,r had increased con-

siderably after the spill. In order to obtain gre'm,r contact surface

area, 30-percent FLOX was also spilled into a show,r-head spray of lake

water. Again there was no reaction, and ag,tin the :wid content of the

water was increased considerably.

When 30-percent FLOX was spilled onto ehareoaI, a smooth, quiet,
brilliant flame occurred over a period of 2 to 3 srronds. Many minute

sparks swept upwards within the flame. A faint whitr (doud rose rapidly
at about a 50 ° angle and disappe'u'ed. Tlw flame was so brilliant that

observers approximately 140 yards away viewing through 7x50 binocu-
lars experienced a delay of about 10 minutes in r_,turn to normal vision.

For results of this and other FL()X spills, see tabl,s 3-XIV and 3-XV.
In all cases, 100-percent fluorine reacted with ih_, materials on whieh

it was spilled, even crushed limestone (table 3-XV). "rhese results are

also given in table 3-XIV. A strong detonation occurred when fluorine
was spilled on lake water. An ahnost instantam'o,.-_mall flash of white

light was observed, and a strong shock wav(_ was felt by observers

140 yards away. The white cloud formed after the explosion rose at an

angle of only about 30 °, indicating a relatively small heat release from

reaction of only "t limited amount of the fluorine spilh'd with the water;

the rapid energy release from the blast al)parently blew the remaining
fluorine from the reaction site before it couht react. The heat content of

the cloud then represented the heat release from '_ small instantaneous
reaction.

It was observed that when 100-percent fluorine was spilled on JP-4

fuel, smooth burnit_g occurred, as opposed to the multiple explosions

previously mentioned with the 30-percent-FLOX spills. A yellow fireball

about 25 feet in diameter was observed and the resultant black cloud

rose rapidly, ahnost vertically, then drifted downwind and slowly

dissipated.

Several significant trends were noticed in these spill tests. When

there was no reaction, the FLOX, liquid oxygen, fluorine, or hydrogen

fluoride vapors drifted slowly downwind close to the ground. When a

reaction did occur, the rate of rise and angle of rise of the resultant toxic

cloud were dependent on the amount of heat produced by the reaction.

The smoothness of the 100-percent fluorine-,lP-4 fuel reaction com-

pared with the nmltiple explosion effect of the 30-1_ercent-FLOX-.lP-4

fuel spill and the violent detonation of the liquid-oxygen-.lP-4 fuel spill
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indicated that the reaction was smoother with more fluorine present in

the FLOX mixture.

In spills on lake water, it was noted that no reaction occurred with

30-percent FLEX, even into a water spray; yet a violent explosion

occurred when 100-percent fluorine was spilled on lake water. The indi-

cation is flint there is some concentration between 30 anti 100 percent at

which FLeX will react with water, and the reaction will probably be

very rapid.

Additional work has been conducted in studies (ref. 26) involving

large-scale FLeX spills; results of these tests are discussed in sec-

tions 5.2.1.4 and 5.2.3.
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Chapter 4. Components and Subsystems Design,
Fabrication, and Installation Considerations

Design criteria for liquid fluorine and FLeX storage, transfer, flow-

control components, instrumentation, and disposal systems are included

in this chapter. Emphasis is placed on (_oml_onents that would find

application in large-scale test or launch facilities. In general, criteria

applicable to any cryogenic are applicable to fluorine and FL()X.

Additionally however, because of the reactive n'_ture of fluorine, consid-

eration must tie given to compatibility of materials, fabrication and

instalhttion of components, and facility preparation. The consideration

of these factors is included in the design criteria discussed in the follow-

ing sections, lint it should tie noted that achieving and maintaining

cleanliness anti the prevention of contamination by moisture and other

foreign materials (see sections 3.2, 3.3, 5.2, and 6.2) are of e(lual im-

port'race to good engineering and design of fluorine systems.

4._ LIQUID FLUORINE AND FLOX STORAGE TANK AND
TRANSFER LINES

Some of the design considerations are i)res(,nted that must be taken

into account when deciding on the tYlle of storage to use at the l)'trticular

facility. Three major types of storage may be used:

(1) Facility storage and supply tanks are large quantity tanks that
can contain normal facility requirements for one or several test runs or

launches. They form an integral part of the hmnch or test site, are per-

manently interconnected (l)y transfer linesj with use areas, disposal
equipment, and associated pressurization equipment, and store fluorine
or FL()X on a long-term basis.

(2) Use (or runl tanks are normally used at a test facility for short-

term supply of fluorine or FLEX. These storage tanks may be either
permanent or temporary.

(3) Mobile storage and transport systems are trailer-mounted storage

tanks with capacities up to 5000 pounds (in present equipment). These

tanks are used for resupply of facility storage or use tanks and lif

facility requirements dictate) can be used instead of facility storage
tanks.

4.1.1 Facility Storage Tank Design Considerations

Selection and design of the storage tank should l)rovi(h, for no-loss
storage for long periods of time from considerations of cost as well as

121
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safety. Some appli('ations of storage tanks within a fa,ility are discussed

in chapter 5. Her(', however, tile major concern is the design considera-

tions involved in selection of a particular method of st(wage.

Figure 4 1 shows the basic types of vessels that may be considered

for facility storage purposes. The l)referred Dr*war for this application

is th(. three-shell vessel that contains liquid fluorine or FL()X in a

central container surrounded by an annulus filled with liquid nitrogen

(-320 ° F) or other coolant to maintain the tluorim, or FL()X at sub-

cooled condi(ion.-. The outermost annulus of this storage tank is a

vacuum container that is filled with an insulating 1.)wder (such as

S'mtoeell or Perlitet or that may contain refle('tive insulation or radia-

t, ion shields to minimize radiation transfer of h.'_t imo the liquid-

nitrogen annulus.

While liqui(t nitrogen is referred to herein :is tlw coolant in the

throe-shell storage system, either liquid air (-312 ° l:l or liquid oxygen

(-29S ° F') might be used as a coolant in p]'tce of liquid nitrogen for

FLOX storage. ['st' of liquid oxygen as a ('oo[ald (lit atmospheric

(a)

.-Liquid nitrogen

: External

:: recondenser _Vacuum insulating

Vacuum / jacket

insulating / Subcooling
jacket ., refrigeration

coil

-Liquid-

nitrogen
flow

External recondenser Subcooling coil technique

(b)

(a) Thrt,e-sholl Dewar fluorin(,-FL( )X <'c>main.r.

(b) Possible conversions of existing liquid-oxygen tanks for us(, with fluorine and

FI,OX.

F_<;vm.: 4-1, --]{eeonmwnd(_(l storage tanks for fluorin,, ,)r FI_OX inst'dlations.
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pressure) would allow storage of fluorine o1' FLOX at a higher vapor

pressure, minimizing or elinlinating the need for helium blanket pres-

surization during storage (depending on FLOX concentration and vapor

pressure). By increasing tile pressure on the coolant (e.g., by setting

the relief valve to restrict release of the boiloff gases that result from the

inwaM heat leak through the insulating annulus of the tank l and thus

raising the temperature at which the coolant boils fluorine oi" FL()X

may be stored at various vapor prcssures.

Another kind of vessel that can provide adequate no-loss storage,

when properly modified, is the conventional two-shell I)ewar currently

used for liquid-oxygen or liquid-nitrogen storage. If it is used, however,

this type of storage systenl requires addition of a reliqucfaction system

(internal subcooling coil or external recondensing system to liquefy

boiloff vapors) to ensure no-loss storage of fluorine or FL()X. The last

system allows the use of existing facilities that can be ma(te to meet

requirements for long-term refrigerated storage. A thorough inspection

must be perfornicd, however, to assure that tank construction meets com-

patibility requirements for fluorine or FLOX. Several disadvantages

should bc considered before deciding on the use of this type of storage:

(1) The insulating powders usually used in these tanks (such as

Perlite) react eombustively with fluorine and, since there are wehts and

piping in the tank wall surrounding the stored fluid, the possibility of a

leak should be considered. In a tank with three-shell construction, the

leakage of fluorine into the liquid-nitrogen annulus would be a less

serious condition. Thus the use of two-shell storage tanks would not

provide a fail-safe storage system for fluorine or FLOX application

unless the powdered insulation were removed and only the vacuum jacket

used for insulation. A thorough radiographic inspection of all seams and

joints (as well as the basic tank material) would be required to ensure

perfect welds and minimize risks of possible leakage. Any inclusions,

discontinuities, cracks, etc., must be cut out and rewelded to ensure a

flawless, homogeneous surface.

(2) The cost of the refrigerating equipment to provide no-loss storage

may well outweigh the advantages obtained from the use of existing stor-

age equipment. This, as well as the refurbishment cost factors, must be

determined for the particular facility.

Some of the advantages of the three-shell storage system are as
follows:

(1) Fluorine or FLOX is separated from any contact with reactive

insulating material by the liquid-nitrogen jacket; this allows the use of

powdered insulation in the vacuum jacket and eliminates the possibility

of accidental ignition from a leak in the inner shell.

(2) The system involves a minimum of mechanical equipment. Except

for the possible need for helium blanket pressurization, the storage
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tank is normally sealed off from all outside contact <luring static con-

ditions and this reduces the possibility that eont'mfination will be
introduced into the system.

(31 There is no heat leak into the inner fluorine or FIA}X container.

The inner container remains subeooled _-320 ° F_ until most of t.he

liquid nit.rogen has boiled off from the sun'oundin_z jacket.

(4) The system is fail-safe. Any fluorine in nitrogen boiloff gases
would indicate loss of integrity in the inner shell, or "m increased rate of

boiloff of the liquid-nitrogen coolant would indicate problems in the

insulating space that permit increased heat h.ak. Either condition

would provide a w'trning to detank and make repairs.

Regardless of which storage tank system is seler'ted for use in facility

storage, design considerations must include proper fabrication tech-
niques, compatibility of materials, and tie,ruing re_luiroments.

4.1.2 Use or Run Tanks

The three basic tank designs shown in figure ,1--2 have been used for

j _'-j---------------------------_ _Fluorine in _:_n-_c Fluorine out

Pressurant _;

and vent
_Liquid nitrogen//

/
Loose cover / -_.
to inhibit // -Fluorine

(a)b0iloff-/ II /_-- _t-

._Pressurant and vent Liquid-nitrogen\

" x_ ._-.-_ boiloff
Liquid nitrogen ,_ "_-'_\ /

"-\ ___ \ _._'_. /-- Liquid

\\ I_ \ _"_ nitrogen

[i -=÷_=:_J _- FluOrine I 1" -1

Fluorine_
(b) (c)

(a) Open-top immersion,

(h) P,_'anie, open top. (_) Beanie, capped.

FmURE 4-2,--Schematic drawing of typi('al use-tank eonfi_zurations employed in

Lewis test fa<'ili(y opr,ra(i()ns.
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fluorine contaimnent at Lewis. In all these inethods, liquid-nitrogen (or

other coolant) is employed to subcool the fluorine or FL()X.

The first and simplest storage configuration (fig. 4-2(a)) is generally

restricted to short use time, such as battleship t'mkage for test cell

applieations. This method involves immersion of the fluorine or FI,()X
container (normally made of stainless steel, Monel, or alunlinum! in an

open-top insulation bath of liquid nitrogen. Normal nitrogen boiloff

provides a suitttl)le thermal bhmket for the bath; however, a loose cover

or a layer of foam polystyrene halls floating on the liquid-nitrogen sur-
face may be used to inhil)it radiant heat transfer from the atmosphere.

For the teehni(lues shown in figures 4-2(t)) and re), a coolant cap of

liquid nitrogen is used to condense boiloff from the fluorine or FLOX in

the closed container. The configuration of figure 4-2(b) was used in

a Lewis test facility, and the configuration of figure 4-2{c) has been

used for liquid fluorine tanks by Itocketdyne I)ivision of North Ameri-
can Aviation Corporation. For test-cell applications, conventional

insulation is usually added to minimize heat transfer.

4.12.] Nelection oJ storaffe-vessel material.--Preferred materials

for the construction of pressure vessels for containing liquid fluorine

or FL()X include stainless steels, 304L, 321, or 347, and Monel. Alumi-

num 61 (as well as other materials) may also be used if they meet the

requirements for cryogenic use.
All metals that are to be in contact with the fluorine or FLOX must

be X-ray inspected to ensure that no inclusions, cracks, discontinuities,

or other imperfections are present. Any imperfection nmst be cut out and

repaired to provide a homogeneous metal material.

An intermediate liquid-nitrogen shell would require the same materials

for the same reason as the pressure vessels (300 series stainless steel h._s

been the preferred choice in construction of mol)ile storage tanks pri-

marily because of cost and strength requirements). Where cryogenic

temperatures are not a factor, outer shell materials may include the

mild steels (A-285-Gr-C, A-285-Gr-B, A-240-S, and A-283-Gr-C, ref. 1).

It is imt)ortant, however, to design this vessel in such a manner to avoid
thermal shocks.

4.1.2.2 Fluori_e or FLOX container fabrication consideratio_s.--Two

methods are recognized for connecting outlet lines into the storage tank:

(1) dip tube and _2) bottom connection. While the use of dip-tube con-
nections into the fluorine or FL()X tank is generally preferred, bottom

connections into use or run tanks have been used successfully by Lewis

for several years. When it is selected, however, the bottom connection

should t)e subcooled (e.g., liquid-nitrogen ,iacketedt ul) to and 1)referal)ly

including the first transf(_r line shutolt valve in either storage or run
tanks.

The primary objective in fluorine tank fabrication is to achieve a
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smooth crevice-free interior. Poor seam w(,Ids, wlli_.h hart, flux anl[ slag

inclusion, pockets or bubbles, and oxidized surf at,' flaking, are consid-

ered particularly undesirttble. For this reason, tla, cluality of the w('ld

seams and/or the inlet "tnd outh't connccti(ms !its w, I1 st- the con.,truction

materi'tlsl is w,ry important, and it is good 1)ra,ti,_, to X-ray all w(q,ls.

as wcll :is all stock material used in fabrication I,, cn,-ut'c good quality
(refer to section 4.9). lle'_ction canm_t .c('ur if _hc container, its

surface, and the fluorine or I:IA)X cont(,nts :_l'c _Hai_taim,(t in the highest

state of t)urity. It follows that pressurizing _ax m_isl f,_ .ffec of moist_trc
or other contamination trefer to section 5.2.(;.1t.

4.1.:_ Mobile Storage Tanks

(2ombinaiitm storage and transport tanks for li(lm,t fluorim, have been

in use at L_,wis [acilitics for sl,vcral years with,mr ia}hu'l,. These truck-

transporWd traih,rs contain fluorim, in anmunt:- I)f 55 allil 450 gallon_ in

no-loss storage and ar_' basically threc-sh('ll s\'stc.n_s of the same type as

shown in tigm',' 1--1. The inm, r contain('r h.]_l< lI_l,)dn,, in a subcooh'd

liquid st'_to, and the out('r "tnnuhls is a vaeuunl-l',,rli;c-filh.d insulation

space. Ext)('ri('n('¢' with mobile stf)l'at._(, ('ontain(_r: :_t l,('wis h_ts shown

average loss rates of li(tui(t nitrogen of h,ss t]_:t,_ 35 t_cr('ent I)cr day

(table 4-Ii. This loss rate indit'at(,_, that, _w(,l_ wit l_()ut ret)h,nishment

of the liquid-niu'ogen coolant, th(, ttuorin(, wouhl b,, safe from boilott

for about 25 days. The thr(,e-sh_l] ('onstruction i_- il_, only one used in

mobile storage systems to date. This typ_ of st(_rag,, i, _he most reliable

design available and is the only construction recomm('ndcd for this type
of service.

The present maxinmm fluorine traih_r capacity is 450 gallons (about

5000 lb) however, an unpublished study perform(_d by the General

Chemical Corporation indicates that, as needs di,_tate, 1500-gallon-

capacity about 20000 lb) trailers can be fabricated for use in large-
scale Iauneh or test facilities. Because of highway limitations, larger

sizes than this would probably necessitate railroad transport. Selection
of the most suitable delivery vehicle is considered to b_ a trade-off in the

initial capital investment between trailers versus tank cars and the

potential utilization of liquid fluorine or FLOX as an oxidizer in space
vehicles.

Mobile fluorine storage trailer tanks have bem_ built by Air Products,
Incorporated; Stearns-Roger Manufacturing Company; and Process

Engineering Company in cooperation with Allied Chemical Company.

In addition, three 5000-pound trailers and one 1(11000-pound trailer are

currently being built by Cryovac, Incorporated When these are com-

pleted, the mobile storage inventory for fluorine will be as shown in
table 4-II.
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T:,ULJ.:4-1.--I)Es.:x F'.'.k.'L'.TWVI.:ItSFOR NASA IA,:w]_ FI,UOItINE TR.'.NSPOE._TrF|'L'_II.ERS

( l{l';l:,";. 2 ANI)3)

r

I)esiml vonsi_h+,ration

500O

Intermtl d(,si,_nl>r.',ssur_,,l)sil_:

lnn,,r shiql ................ 70

Ini,.vmediat+_ sh.ll .......... 60

()ui.r sh,,ll .............. 0

l'ixl+'rn:,l d_,si_n pr+'ssttri,, psi_:

hln+'r sh.ll .................. 60

Int_'rn.,di:tl+, slwll ........... 0

Ottlt,r shell ............... 14.7

()III't';tt ill_ I(.nll)+,r_thlrl! limits °I::

hm+,r slu,I1 .................... S0to 320

Int.rmodiat+, sh+,ll .......... S0 to --320

()ut.r sh,,ll ................. 650 to --20

Volu}no, _:tl :

Inll{+l' (!()|]t+_iIlf+I" - ........... 55 (]i]_iX.)

Inlprm+,diate annulus ....... 60

{ )llh'l' ;tIlllllhls ............................

Tl,i(q<tn,ss, in. :

Inn_,r shtql ............. 0.1975

]n_('t+m+'di_d (, sh(,ll ............ 1875

()ul_'rsht,ll .................. 250

Materials :

Innersht,I1 ................... i Monel
hltcrnll,dJal+, slit+It ......... i Stainh,ss ste,,l 304

Outt,r sh, II .................... i A-212, A-285

Tall I,: I+'n_z111,ill+ :

Im.'r sh,ql ............... 53.3 86.9
Itltertn+'diat+' sh,ll ........... ! 58.'6 114.8
()uti'r sht'll .................. ! 75 133.5

++ - .

T:mk di:tmlqi!r, in. :

lnnt,r shell ....................... i 20 42

Int+,rn,ediate shell .............. 28 48

{)ttl(,r shel[ ..................... l 44,5 66
r

,qltpl!l:,rt systt,ltt .................. [ Transit,e blocks Stainh,ss-steol

1 rt)ds

_V('J_ht PIllI){Y, ]L + ................. | 4000 10000

Insulation ................. l'(,rlit_, grade "PF" Powder Pe,'lite

Insul:tlion thi{q.:ness, in ............. +

i

Fhmrinv weight, It)

6O0

70

45

10

45

10

1-1.7

80 l o --320

S0 t o --320

650 It) --20

417

338

0.250

.250

.250

Monel

St ainh'ss st:eel 304

A-285. (IrC



128 tfANIILING AND USE OF FLUORINE AND FIAIX

' sTABLE 4-I.--I)FsmN P:XRAMI:TERS FOIt N A,_._t I,EWIS FI, IIJRIN E TI¢ANSPORT TI_,_ILERS

(I_EFS. 2 ANI) 3)--Conclu&'d

Design consideration

Insulation pr(,ssur(,, g .............

Tolal heat h'ak (1o liquid nitrogen).

Btu/hr

Normal eval)l)rali()ll of coolant, per- 3.5 (max.)

cent/day

Liquid line sizes, in .................

Vent line ,tiam.lvr (liquid nitrogen)
in.

Inst rum(,nl at ion :

Liquid thuorin<, pressure gage ......

Li(luid nitu'ogen pr(,ssur(, gage .....

l,i(luid nilrog(,n lev('l gago ........

Vactlllnl gag(' _ ...................

(]aseous llitrog,('n v('nL (1)ressure)

gag(>

Shock loading design for all assembly

g'S :

Verti('ally _ ....................

Longitudinally _.................

Laterally _.......................

hlstalh,d in trailer.

' 2

(liquid-nitrot_en 1

fill and (list:barge)

1 reduce(l to

30 ill. vRC/lllIil to

100 I)sig

a

a

3

2

i

Fhlorim, w,,i_ht, lb

600 5000

50 (max.) 10

40 120

2 re(luce(l to

L

3

2
i

1

"I'AttI,E 4-II. INVENTOItY OF I:LUORINI: g!_ _IIA.:Rs

Owner

NASA Lewis .................................
NASA L('wis .................................

U. S. Air For('e ................................

G(,n(,ral (?henfi('al Corporation .................

Minnesot.t Mining and Manufacturin_ ('o .......

United Technoh)gy Corp ...................

Pratt & _,Vhitn(,y ._,ir(.raft ......................

Pratt & Whitney Aircraft ......................

Nlllll})er

()j'

trail(,)'s

! Capacity,
' lb

5000 " - J

6O0 I

600

5OOO

5 0OO

5 000

5 000

10 000



FLUORINE SYSTEMS DESIGN CRITERIA

!

129

(a) Capacity, 600 pounds.

(b) Cat)acity, 5000 l)ounds.

(e) Control p'mol for 5000-1)ound _rail(w.

FXC,URE 4 3.--Li(luid-fluorinf_ mobility sl[orage trailer.

/
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Figure 4 3 shows the general construction fetttur('s of fluorine trans-

port tr'dlers at Lewis. M'tjor design specifications used in construction
of some existing NASA fluorine transport systems ar,, listed in table 4-1.

General informa(ion in the remainder of this chaI)/('r ion components,

sut)systenls, ctc.l will apply equally to facility storag(, and mobile stor-

age systems :rod will cover some of the detailed (h,sign and fabrication

re(luircments. Sonic construction details are shown in tigure 4_t.
4.1.a.1 Special considerations in mobile storage s_tsgcms desiqn.iSome

considerations that nmst 1)e taken into account during design of any

mobih' liquid-fluorine storage system are as follows:
Interstat(' Conm_e)'ee Commission regulations forbid the use of

pressure-r('lief valves on gaseous fluorine storagv cylinders {ref. 1).

This ruling may also forbid inclusion of any relivf (lexic(' on the liquid-

fluorine storage tank of the mobile storage syst(,m. Aside from the regu-

latory prohi))itions agttinst use of r(,lief dc\-i('cs, scx(,ral (:)ther eonsidera-

tions also argue against their use :
tl) The use of a burst diaphragm as a pressurc-r('licf device does not

seem practical for the reliability required in over-th('-highway transport.
This device would of necessity t)e thin walled, sin(> th(' storage pressure

of fluorine is nearly atmosl)herie , and possible t)rogr('ssivc corrosion from

hydrogen fluoride contamination would make the burst diaphragm

sut)jeet to unl)rvdietable failure.

!21 ()ther 1)ressur('-relief (t(,viees, such as pop-off relief valves, are

considered und(,sirahle since they introduce an a(idilio)ml potential ave-

hue of system eontamim_tion through atmosI)heric leakage into the

system.
(3} Fluorine traih,rs use city streets and state highways (in all

present mobile storage systems} in transit front thc mamffaeturer to the

using site. Ther(,fore, safety consi(lerations forbi(t exl)osing the public

to the possibh, venting of fluorine.

(4) Joint investigations I)y the U.S. Air Force and Lewis, and later

operating expvrienee, have proved that properly (t(,sign('(1, maintained,

and Ol)vrate(t mol}ilc storage systems can be used to transport fluorine

safely under no-loss conditions in sealed containers (ref. 4). (Mainte-

nance and operating procedures are inelude(l in chapter 8.)

4.1.3.2 Supporti_g structure,_ considerations. In three-shell fluorine-

FL()X storage tanks, the nitrogen-jaeket('d fluorine o) FIA)X container

nmst be SUl)l)o,'ted to minimize the rate of heat h,ak into the liquid.

This is a l)articular requirement for cryogenie fluids Th(, suI)ports should

t)e designed to furnish maximum resistance to hi,at conductance; the

three general tyl)eS of tensile Sul)ports are rods. c.fl)les, and chains.

The suspension system nmst be designe(l to l}rovid(' for appropriate

load distrihution in the suspension for all load coi_({i(ions, such as motion

and vii)ration, as w(,ll as for loads from thermal contractions. Sonle sup-
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port also must be provided for the outer shell or vacuum jacket. This

shell is usually at ambient temperature and there is no reason to provide
an effective heat. barrier between it and the surroundings. Therefore, the

outer shell can be supported by a conventional structural means.

When the support structures for tile various shells of the mobile

storage tank are designed, consideration must be given to mobile shock

loads that are not present in static facility storage systems. The criteria

selected for these loadings (for present Lewis systems) were 3 g's

vertically downward, 2 g's longitudinally, and 1 g laterally.

The nmxilnum permissible loading for highway vehicles ranges for

various states and is presented in reference 1. While even eontenlplated

20 000-pound-capacity mobile storage trailers would not exceed the linli-

tations, specific investigation must be made for the particular routes

to be used to '_ssure that federal, state, or municipal weight liinitations

would not be violated by the total design toad.

4.2 INSULATION

Most techniques for insulation of cryogenic storage tanks for storage

of liquid hydrogen, liquid oxygen, and liquid nitrogen are applicable to

liquid fluorine or FLOX. The National Bureau of Standards, Cryogenic

Engineering Laboratory, has been continually investigating insulation,

support systems, and tank design parameters as they affect the storage of

liquid hydrogen and helium. Much of the work done by NBS, while
directed toward these two cryogenics, wouht also be applicable to the

storage tank design problem for liquid fluorine or FLOX.

Normally only two types of large containers would 1)o u:ed for the

storage of liquid fluorine or FLOX: (1) conventional two-shell cryo-

genic storage vessels composed of a central containment vessel sur-

rounded by a reflective (metal) insulation-plus-vacuum annulus; and

(2) the three-shell system, made up of a central container, surrounded

by a bath of liquid nitrogen (-320 ° F) in the first annulus and by

powder insulation plus vacuum in the outer shell. While the latter is the

most attractive from the standpoint of reliability, cost considerations

may dictate tile use of the forlner.
Effective insulating media have been developed for cryogenic fluid

storage systems such as (1) vacuum, (2) high vacuum plus inetallie

radiation shields, (3) "super insulation," which consists of high vacuum

plus a series of metal foils separated by low-conductivity materials,

(4) high vacuum plus powders such as Perlite, and (5) standard non-

vacuum powder, blanket, or foamed plastic insulations. The first two

provide an insulation that is compatible with a fluorine system should

leakage occur, since only metals are used in the insulating annulus. The



134 HANDLING AND USE OF FLUORINE AND FLOX

others vary in their reactivity but can combust in contact with fluorine
or FLOX.

In general, powder insulations in a vacuum j'_eket, are suitable for

use with three-shell containers because there is a li(luid-nitrogen barrier
between the fluorine or FLOX and the insulation. ]n the conventional

two-shell cryogenic container, the use of powder insulations is less

desirable sine(, a minor fluorine leak could eause ignition of the insula-

tion. For the two-shell container, the efficiency of the outer vacuum

jacket, as tile thermal barrier could be increased by installing radiation

shiehts (by using a corrugate(t or "waffle" material to minimize conduc-

tion) ; however, the installation technique would be a problem. The use

of super insulations is more feasible for three-shell storage vessels, since

the mid(tle of the insulation "sandwich" and its binding agents are

reactive with fluorine; in the three-shell case, this insulation would be

isolated from the fluorine or FLOX by the liquid-nitrogen jacket. For

very large storage tanks iabout 28 000 gal and larger), three-shell vessels

may prove high in eost--perhal)s prohibitively so. In this event, the

two-shell storage ttmk (with apl)ropriate insulation) 1)lus a reeondensing

system must be considered.

4.a LINES, JOINTS, AND FITTINGS

Fluorine or FI.()X systems must meet design oh.i('('tives for a leak-

proof, cleanly designed, crevice-free system that can be easily cleaned
and kept free from contamination. For gaseous servi('e, the preferred

materials for lines, fittings, and flanges are stainless steel, aluminum,

copper, brass, or mild steel (low pressure!. For liquid service, 300-series

stainless steel, ahuninum 6061, Monel, Inconel. or ('Ol)l)(q' I low pressure)

are preferred. Piping used to contain fluorine or FIA)X should be X-ray

inspected for flaws, cracks, or discontinuities; these imperfeetions should
be removed by cutting away the pipe section that (.ontains them. Weld-

ing, soldering, and brazing techniques for assembling :t zero-leak system
are discusse(t in section 4.9.

4.a.1 Flared Tube and Compression Fittings

Compression fittings and flared-tube fittings have been used success-
fully at Lewis for both liquid- and gaseous-fluorine systems at pressures

up to 1500 pounds per square inch gage. Some tyt>es of compression

fittings and flare(t-tube connectors larger than _ inch are more difficult

to seat properly than smaller sizes, which increases lhe possibility for

high-l)ressm'e leaks.

Compression fittings larger than _ inch are not. re('onmlended for use
at high pressures because they are more subject to failure than other
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fittings (i.e., g-in. AN-type fittings have been satisfactory to 1500 psig.

Sizes larger than _ in. should be limited to appropriately reduced pres-
sures). Causes of failures at Lewis were traced to high-pressure inade-

quacy of the fitting design, to mechanical failure from overtightening

to achieve zero-leak seals, and to other causes of overstress failure (e.g.,

tubing pulls out of compression fitting). In all fluorine oi" FLOX instal-

lations where these fittings are used, torque values should he specified

as a function of fitting size, type, and material. ()f course, lubricants

may he used on the threaded portion of the fitting t)ecause the threa(ls

are external to the fluorine system and therefore are not exposed; how-

ever, a subsequent leak in the fitting mag result in ignition and line

failure.

4.3.2 Flange Fittings

Flange fittings have been used quite extensively in gaseous- and

liquid-fluorine installations and portable equipment. They are recom-

mended fittings where connections must be frequently made and broken.

Flange fittings are also applicable for semipermanent connections trod

are particularly suitable for high-pressure systems. The preferred facing

,,--Drilled and tapped for purge or pressure
measurement connection

Pipe inside diameter
concentric on

centertine within 0.003 in.

\
\
\

serrations Aluminum llOO gasket

.//- (annealed)
i"./ concentric inside and

B outside within 0.010 in.

\- Welded

(tube end)

NASA serrations

FIGURE 4-5.--Flange-type connectors for fluorine service. (Flange connector bolts

must be periodically retorqued since they tend to loosen under cryogenic-ambient

temperature cycling.)
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on flanged fittings is concentrically serrate(t with a raist,(l face; the seal

is provided by soft "mnealed alunlinum (or soft copper) gaskets (fig.

4-5). In this fitting, all surfaces where not otherwis(_ specified, should
have a nmnber 125 finish.

In addition to meeting tile general design criteria, which apply to

the selection of ftang(_ types for any service (siz(,, uorking pressure, and

temp(wature), flanged connections for flttorin(, s(,rvi(!c should offer a

lninilnum of l)o('kets, cracks, or r,,sirietions whet(, residue or contami-

nants eouht aemmmlttte. Cryogenic cycling tends to loosen bolted con-

nections; th(_r('fore, ]l(lnge bolt te_.sio_zs mast t, clt_ kcd frequently to

correct te_sior_, especially after several t,xtr(,m(, l(,ml)(,rature cycles.

Metallic eonfint,d ring gaskets (()-rings, U-rin_s, ,,t'ush gaskets, etc.)

have 1)e(,n use_l sue('essfully in })olted flange fittings t,) 1,rovide zero-leak
seals.

Nonmetals, such as polytetr:tfiuoroethyh'n(, (TVE), have been

suce('ssfully al)pli('(t in fluorine systems but at(, normally used in

applications where m('tals are not f(,asible (e.g.. vMv(,-st(,m l)acking).

Nonlneta]s have ]_e(,n tested llndel" sevt!l'e CXl)t)sul'(, ('(_n(titions (see see-

tion 3.3) that d(,fin(, the extreme limits within which lll,'y ,'an be applied;

their use would i)rot)ably be normally r¢,stri('tod to z(,,'o-l('ak-sea] api)li-

cations in gas(,ous service. In 'my "q)l)lication, car(' -hou]d be taken to

protect nonmetals from direct contact with li(lui,l fl,lorine, and direct
contact with the fluorine or FL()X flow str(,anl sl_ould be avoided.

Studies d('scrib('d in section 3.3.4 in(ti('ate the f(,:_sibility of the use of

soft-seal materiMs in expose(t-seal liquid-fluorine or FL()X applica-

tions, although the reliability of se'tls directly c'xI)osc, l to the li(tuid or

to flow conditions is reduced.

Many compression-type fittings and mechanical claml)ing techniques

to hold the fitting together are commercially avaiI:d)lo. The design and

choie(, of se'ding materials in many of these fittings at(, suitable for use

in fluorine systems. The choice of using these fittings must be made on

the t)asis of erit(,ria in this text on the specific apl)lie:ttion.

4.:_.3 Threaded Fittings

Threa(te<t pil)e fittings should normally t)e avoide, t in ttuorine or FLOX

serviee. When it. is necessary to use pipe fittings bee:rose of size con-

siderations, they should be installed (by welding, silver soldering, or

brazing, as described in section 4.9.3_ so that the threads "tr(r removed or

completely isolated from the fluorine or FIA)X.

Threaded fittS_qs and thread compo_tT_ds (lltd/ot 5dJricants should be

used onlg where risk of possible reaction _ml ls_c or component failure

is acceptable.
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4.3.4 Quick-Disconnect Couplings

Requireinents for quick-disconnect couplings for fluorine or FLOX

service differ frotn those for other cryogenic fluids mainly in the consid-

eration that must bc given to the toxic and reactive nature of fluorine

and the corrosive nature of its reaction by-product. For this reason,

fluorine or FLOX couplings should be designed for" inininmm leakage

and for inininlum spillage of fluorine or FL()X during disengagement

of the coupling halves.

A prototype quick-disconnect coupling (see cutaway view in fig. 4-6)

for ground-to-vehicle transfer of liquid fluorine or FI,()X was designed,

Fomard

Pressurize
toopen

A, Driver J, Ground-half loadingspring
B, Chamber K. Vehicle-halfvalvestemandtrim
C,.Lockingfinger L, Ground-halfvalvetrim andstem
D, Valvestemguide M, Vehicle-half Ioadingspring
E, Ground-halfhousing N, Vehicle-halfvalveseat
F, Bellowsflowpassage O, Inner V-ring seal
G.Vehicle-half housing P, Outer V-ring seal
H, Slider ringwith internal spider Q, Labyrinthface (planeof
1. Ground-halfvalveseat disconnection)

FIGURE 4-6._-Scctional view (connected phase) of liquid-fluorine quick-disconnect

coupling (ref. 5).



138 HANDLING AND USE OF FLUORINE AND FLeX

fabricated, and successfully demonstrated at Lewis in ]963 (ref. 51. The

coupling operation is shown schematically in figurc'_ 4-7. The primary

features of this disconnect coupling include the eatmbility for liquid-

fluorine or FLOX flow during transfer operations, remote connection and

separation capabilities, negligible fluorine sl)illag_ on disconnection,

and remote reconnection. A pneumatic cylinder was used to release the

coupling lock and to separate the coupling halves. The locking mecha-

nism in this device was designed for the specific convenience of test-cell

operations and is not, necessarily optinmm for gen¢'ral use. Operation of

the coupling t figs. 4-6 and 4-7) is as follows:

(1) To commence the connection phase, a rearward movement of the

driver B (fig. 4-61 relative t.o the ground-half }musing C spreads the

locking fingers A. Both halves of the coupling are then alined and

mated. Finally, a forward movement of the driver arrangement

(fig. 4-7(b)) closes the fingers around the vehicle half. To maintain

positive contact between the halves, the driver must be kept in this

forward position.

(2} The coupling valving is opened by introducing pressurized gas

into the chamber F of the ground half, which mo\'_,s the concentric slider

ring E downstream and raises the ground-half trim L from its seat I. As

the ground-half trini continues its movement, it bears against the trim

M of the vehicle half of the coupling and forces il from its seat J. Both

the ground-half and the vehicle-half loading springs (1 and K, respec-

tively, arc compressed by the operation to provide fail-closed operation

on loss of pressurant gas. The coupling open for flow is shown in

figure 4-7 (c).

(3) During liquid-fluorine transfer through the coupling, external

leakage is prevented by a combination of the static labyrinth grip
{formed by the intermeshing faces of the two halvesi "rod the inner and

outer V-ring seals D and H, respectively. Any cryogenic liquid leakage

past the inner seal gasifies in the cavity between the labyrinth faees

and the outer V-ring seal from normal heat transfer. Because of the

orientation of the V-ring seals (see fig. 4-7), any pressure buildup in

the cavity could not exceed that of the liquid-fluorine transfer pressure

within the flow passage. An excess of the cavity pressure over the trans-
fer pressure would cause le,_kage through the inm_r V-ring seal in a

reverse direction (i.e., back into the fluorine flow passage).

(4) The coupling valving is closed by venting the chamber F of the

ground half and allowing the loading springs in both halves to seal their

respective trims (fig. 4-7(b)). Separation of the two halves of the

coupling is accomplished by a rearward movement of the entire ground

half, as shown in figure 4-7(a).

An indication of the external sealing efficiency of the coupling design

was obtained by recording a time history of pressure buildup in the
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la)

A, Locking finger

B, Driver

C, Ground-half housing

A

H, Inner V-ring seal

I, Ground-half valve seat

J, Vehicle-half valve seat

D, Outer V-ring seal K, Vehicle-half loading spring

E, Slider with internal spider _ L, Ground-half valve trim

F, Chamber .._.L__ and stem

G, Ground-half loading spring M, Vehicle-half valve stem

" _ i k_ and trim

(b)

(a) Disconnected phase.

(b) Halves mated and locked.

(c) Valving open for flow.

FIGUaE 4-7.--Schematic diagrams of operation of liquid-fluorine quick-disconnect

coupling (ref. 5).
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static labyrinth seal cavity. No pressure rise was measured over an
entire series el liquid-fluorine transfers, which indicated that the inner

seal was oomph,rely effective; in addition, no external leakage was ob-

served at the plane of separation of the coupling duI'ing the steady-state
flow periods (rcf. 5).

4.4 VALVES

Most of the standard globe, plug, or needle valves can be adapted

for gaseous fluorine (or FLOX} service by using polytetrafluoroethylene

valve-stem packing. In most eases, liquid fluoritm or FLOX applica-
tions would require diaphragm or bellows-_cal valves to ensure that

the liquid does not contact the stem-seal materi'd_ Packed-stem valves

are subject to leakage because of thermal shrinkage when they are

exposed to cryogenic fluids, but they have been applied in liquid-fluorine

service by using extended stem bonnets. Verlieally mounted valve-

bonnet extensions reduce the possibility that liquid fluorine or FLOX

will contact the stem packing, since heat transh_r into the va_'e main-

rains a gas pocket in the area of the packing, provid(,s relatively higher

packing temperatures, and thus prewmts leaks that might cause spon-

taneous ignition. Preferred valve materials are shown in table 4-III.
Packless valves use a flexible metallic seal to isolate the valve-

operating mechanism. Bellows seals permit greater n_otion of the valve

stem and plug. Diaphragm seals have been us_,_l sue('cssfully in the
smaller valve sizes.

Paekless valves are inherently more reliable in both liquid and

gaseous fluorine service; consequently, they ar(, of Wn used in fluorine

installations and handling equipment. It is highly recommended that

valves used in high-twessure liquid-fluorine service be restricted to

paekless bellows or dial)hragm scale(t. Valves shouht be eoml)letely

(lisassemt)led for thorough cleaning prior to use. and while the valve is

apart, it is a good practiee to lap the vtdve plug into its mating seat to

ensure l)erfeet hinting.

All bolted co_meclio_s on valves, fl(mges, etc., ._tw_dd be retightened

periodicallq to c_sure proper torque /or sealim/. 7"cmper(lture cycling

from ambient to cryogenic temperature te_ds to 5,o,_ct_ bolted connec-

tions. In most eases, valve failures at Lewis were t l'UCcd to high-pressure

leaks from loosened bolt connections or from exir_mw pressure surges

(such as might r('sult fronl a reaction and faihm_ els¢,where in the sys-

tem). It should he pointed out that leaks elm occur' without ignition or

catastrophic faihu'e; however, loosened connection> or l,oints of leakage

are particularly susceptible to contamination and subsequent high-

pressure ignition and failure.
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TABLE 4-]II.--PREFERRED MATERIALS FORVALVE COMPONENTS

Valve

component Gs.soons

Bodies ............. Nickel (300 series)

Slainless steel

Monel

Aluminum

Inr_onel

BFkLSS

Plugs .............. Stainless steel (300 series)
Monel

Aluminum

Monel

Stainless steel 347

Diaphragms ........ Stainless steel 347

Gaskets ............ Soft aluminum

Soft copper

Polytet rafluoroet hylene
(TFE)

Lead

Seats" _............ Nickel

Copper
Aluminum

Brass

Chevron packing .... Polytetrafluoroethylene
(TFE)

Copper braid and TFE

O-rings, V-rings, etc., Aluminum

(refer to section Polytetrafluoroethylene

4.3.2) (TFE)
Stainless steel

Bellows ............

Service

Liquid

Copper (low pressure)

Monel

Nickel

Alumimlm

Slainle_ steel (300 series)
Inconel

Stainless steel (300 series)
Monel

Monel

Stainless steel 347

Stainless steel 347

SOft aluminum

Soft cot)per

Nickel

Copper
Aluminum

Bra,_s

Not recommended

Copper
Aluminum

Stainless steel

J All-stainless-st, eel valves have been used, but they have a tendency to gall and bind under high

closure forces ; therefore, stainless-steel valve seats are usually avoi&.l for tluorine or FLOX service.
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4.4.1 Soft-Seal Valve Design

The use of soft seals to permit ad'tption of start,lard valves to a zero-

leak application is often desirable, floweret, exp(,.-tu'_' of the seals to the

fluorine environment, to tile rubbing friction of ('losur, conditions, and

to the flow of fluorine ("ill of which present ignition hazards) has made

Seatgroup

Trim group

A, Loadingspring
B, Shutoff cap
C, Hemispherical plug
D, Inner seat
E, Soft-seal seat
F, Bellows flow passage

(a) Cutaway of soft-seal v=dv(, in Ol,_,n,ng posiiion.

(b) Valve open. (e) Bulk flow stopped. (d) Valve closed.

FmURE 4-8._oft-seal valve dcv(,lol_,,d al L-wis.
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the use of soft seals generally unreliahle.

As part of a testing lirogram to develop and evaluate liquid-fluorine

components (ref. 5), a zero-leak valve employing a soft-seal material at
the flow shutoff interface was developed (fig. 4-8). It was successfully

tested with liquid fluorine at flow rates up to 2 pounds per seeon(t and

inlet pressure up to 97 pounds per square inch absolute. This valve was

tested under dynamic liquid-fluorine conditions with soft-seal materials,

including glass-filled and metal-filled tetrafluoroethylene, and nitroso
rubber. (The metal- and glass-filled polymers were chosen arbitrarily,

bUt in suIIpo,'t of compatibility studies ; the nitroso rubt/er was purposely

selected its a nornlally noneomI)atible material.) By designing tile valve

for miniInum exl)osure to fluorine and by surrounding the seal with

metal to provide good thermal conductivity for heat transfer, it was

expected that material cOlnl)atihility could be enhanced. The test results

eonflrmed this assumption.
A sectional view and schematic drawing of the soft-seal valve in its

open position are shown in figure 4-8. A standard commercial valve

actuator and housing was used for the testing. In operation, li(luid-fluo-

rine flow was directed l)ast valve plug (?, through the bellows flow passage
F to the housing exhaust port. As the trim group was lowered, the spring-

loaded hemispherical plug C contacted the floating spring-loaded inner
metal seat I), which shut off the bulk of fluorine flow ffig. 4-8(e)).

(;ontinued downward movenlent of the trinl groul) allowed the shutoff

cap B to contact the soft seal E and completely seal the valve to fluorine

flow (fig. 4-8(d)). Any of the cryogenic liquid trapped between the

shutoff cap and the hemist/herieal plug vented itself to tile downstream
side of the valve assembly through the spring-loaded seal formed be-

tween the hemispherical plug and tile inner seat D.

The design was tested at flow rates up to 2.06 pounds per second and a

valve inlet pressure of 97.7 pounds per square inch absolute. At the

conclusion of the testing, the valve soft-seal material was inspected for

signs of erosion or chemical action. Results of the tests with various
seal nlaterials with respect to compatibility are discussed in section
3.3.4.

Prineiples deinonstrated by this valve design indicated that limited

application could be made by using soft-seal materials to aehieve a
zero-leak valve. Extensive testing would be required to assure adequate

reliability, however.

4.4.2 All-Metal Conical Valve Design

Some limited work has been done to explore the possibility of an all-

metal zero-leak valve design (rcf. 6). This investigation was based on

meeting the following specifications:
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(1) Tile v:dvc configuration must t)e all metal in order to have maxi-
mum coml)atihility with fluorine.

(21 The valve design must feature zero-leak cal)ability under extreme

conditions of (,nvironment and must not be affocled t)y repeated open-
close cycling.

t3) The valve design must permit the use of a wide range of valve

actuator forces to permit easy adal)tion to flight-weight hardware.

A wdve was designed based on the coneel)t, that th(, ,Aastieity of metal

could t)e us(,d in the same fashion as the elasti('ity of soft seals to

achieve zero-h,ak eal)ability in a wdve.

The g(,n(,ral, ])hysical characteristics of the design which evolved
(fig. 4-9_ are that (1) the cone is tal)ered so that (for circular cross

sect.ionsl a constant total rim area is l)rcsent from the lip back to the

cone apex (th(, valve plug has a eonstant-thickn('_-s oent,,r section where

the actuator ._tem is attached and the stem forct_ is at)plied) and (2)

the valve seat has a spherical seating surfaee.

Stem

Plug cone

7Cone apex

\

J

B/

Fmv[_E 4 9,--Schematic drawing of conical valv,, design and operation.
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For this type of valve, any desired mechanical advantage can be ob-

tained for plugstem force applied by selecting an angle a from 0 ° (a

cylinder) to an angle approaching 90 ° (fig. 4-9). (The sealing force is

equal to tile plugstenl force divided by cosine a._ Since the distance R

(fig. 4-9) is tile sanle for the plug cone and the valve seat, this sealing
force is applied normal to the valve seat and eliminates the sliding con-

tact found in nlost valve plug-seat combinations. The nlechanical ad-

vantage permits use of light plugstem pressures to achieve zero-leak
seals.

Major design paranleters for this valve can be widely varied. As one

approach, after sclecting the nlaterials to be used, the cross-sectional

area of the cone lip, and the force to be applied, tlle designer can choose
the optimum cone angle so that the elastic limits of tile cone material

are not exceeded. In general, a minimunl lip width is desirable to avoid
stress concentration on sharp corners (see inset B in fig. 4-9) with

resultant strain-hardening of the material. If thicker cross sections are

used, the cone lip should be ground and lapped to provide a spherical

surface to mate with the spherical valve scat (inset A, fig. 4-9).

Contact faces between the valve plug and seat must bc snlooth and

round with 100 percent contact. For this reason, machining must be
held to close tolerances to maintain roundness of plug rim and scat and

proper plug taper, since underloading an out-of-round protrusion on
cither the rim or seat could cause local strain beyond the elastic limit of

the material. A _4 finish (American Standard B46t was used for the

contacting surface of the plug and seat to reduce the possibility of

localized work hardening of hills and valleys on the contacting surfaces.

The design shows a numl)cr of attractive features:
(1) It can bc used in fluorine (or other reagent) environments.

(2) The elastic properties of the conical plug afford zero-leak seals

uniter repeated cycling.

(31 A slight angular nlisalinemcnt or rotation of the valve plug in

the seat will not affect the sealing properties of the valve.
(4) Normal passivation film does not affect the scaling f)rol)ertics of

the valve.

(5) The conical plug characteristic is adaptable to a wide range of

sealing forces (from valve operators) because of the inherent mechanical

advantage supplied by tile plug shape.

Leak tests were performed with alunlinum, magnesium, and stainless-

steel plugs in stainless-steel seats (scat niaterial should be as hard as, or
harder than, the plug material). The test fluids were helium and fluorine

gas at ambient temperatures (fig. 4-10). Zero leakage was obtained

with t/oth fluids at pressures up to 200 pounds per square inch gage dur-

ing and after 100 operating cycles (open-close). This capability is a

result of another inlportant feature of this valve; open-close cycling does
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No stem

force applied

A" . _ li8-in Iubinc

n-melal con,cal _._ k J- Valve {line-length '

valve plug-, HI IIi._ I-- seat minimized)_

Fluorine or [_ _ .r_½,/ _, /

helium at L_ _j/_ Ri:_/ _ _J ,,

200 psig ,,._.t _-_-/ ._\,__J._ /

Displa{ement fhJid

(water or potassium EOraduated

iodidel --- t cyiinder

:q--,|

r

Fzcam_: 4-10. -S(.homatic drawin_ of apparatus us.d t., _ _,l'itX z.ro-l(,ak ('almhility

(24 hr) with no l)hl_zstem pru_surl, apl,lic'd.

not cause plug-seal material deformation or wcav of _'ontacting surfaces.

All lnaterials used were ealmble of 'tehievin_ zero h'al¢'tg_' as hmg as the

elastic load lilnits were not exceeded.

Zero leakage was ineasui'ed for periods Ul) to 24 ho/]rs 1)y using a

water displaeenlent Inethod for helium and a potassium io(tide solution

for fluorine detection. This dcvelopmez_t effort was limited to (tenlon-

strating the design concept. No effort was m:ul(' 1() oi)timize the design

for minimum pressure drop "tei'oss the valve or to ,h'velop a specific

hardware item.

4.4.3 Pressure Regulating Valves

Pressure regul'tting valves as su('h have m)l }_'cn used for fluorine

because of the nonmetallic parts normally in('lu&.d in these valves.

Where "mtomatie flow control is requircd, thml'in(,-('oml)tttit)le valves

with flow- or lweSSlU'e-sensing aetualor-contr,lhq's have been use(t. If

gaseous fluoi'inc is used, pressure is rv, tuced and throttled with throttling

valves. {The gas cylinder shutoff valves should _('ver t)e used for

throttling fluorine gas flow, because this results iu_ ul,,lm, we'tr and stress

of the prilnary shutoff valve.

4.4.4 Pressure Relief

The fluorine containment system in mobile stor_iV_. ,)l)vrations does not

usepressure-reliefdeviees (refer to section4.1.31. 1TL fixed tank facility

storage applications, both lmrst di'q)hragms an,] IW('ssure-relief v.dves

have been used for pressure relief in fluorine eont'_ivmwnt systems. Burst



FLUORINE SYSTEMS DESIGN CRITERIA 147

(liaphragms are preferre(t for pressure-relief devices, since they are

generally niore reliable and less prone to leakage than relief valves. This

is important both in subcooled fluorine contaimnent systems (vapor

pressure is below atmosl)heric) and during any evaluation proce(lures,

sine(, an inward leak of moist air can occur. Monel diaphragms, sized

to relieve at the desired overpressure in the particular system, are con>
monly used at Lewis. If repressurization following burst disk failure

wouI(I be a requirement (e.g., to transfer fluorine from a containment

vessel t, two burst disks can 1)e hooked up to the outlets of a three-way

wine or a normally open autoniatically actuated valve can be installed

ut)stream of tile burst disk. Outlets from tile burst dial)hragms should

be connected to the (lisI)osal syst.em to prevent any release of fluorine

contaminant to the atmosl)here.

Automatic valves, modified to open on sensing an upstream over-
presstn'e, have been used as pressure-relief valves at Lewis. Since ttle

possibility of inward air leakage through the seat exists in this device,

however, its use is usually avoided. Whichever relief device is selected,

the practice of regular inspection should be followed to ensure reli-

ability.

4.4.5 Check Valves

Most commercial all-nietal check valves are suitable for either gaseous
or liquid fluorine. Selection should be based on the general criteria dis-

cussed in chapter 3 and in this section. Cheek valves that tend to
"chatter" should not be used.

4.4.6 Valve Operators

4.4.6.1 Manually operated valves.--For safety considerations in han-

dling gaseous fluorine under pressure, manual valves should be used with
a protective barrier separating the operator from the valve. Valve handle

extensions are generally used, and, where necessary, a bevel gear ar-

rangement is included to change the direction of valve closure force.

4.4._.2 Pneumatic, hydraulic, and motor-operated valves.--There is a

great variety of actuators applicable to valve operation in fluorine

systems. The only special requirements would be design considerations

for possible exposure to fluorine or hydrogen fluoride vapors.

4.4.6.3 Solenoid operators.--In general, solenoid operators are restricted

to smaller valves and to pilot-valve applications. Most solenoid valves
cannot be used with fluorine or FLOX because the materials used for

sealing solenoid windings are not compatible with fluorine. If solenoid

valves are used in a fluorine line, the solenoid must be hermetically

sealed with a compatible (preferably metal) sealing system to prevent
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contact with the fluorine. Also, precautions shouhJ be taken to ensure

that tim connecting wiring is l)rotected from tht_ _ffects of fluorine or

hydrogen fluoride vapors l refer to section 5.2.5.3).

4.5 FLUORINE PUMPS

Although design data for liquid-ftuorin(, pUml)S are limited, the ex-

tensive devcloplnent of liquid-oxygen pumps land recent work with

seals for fluorine and FLOX puml)sl has in,lirt,('tly l_rovided informa-

tion for lnost areas of a liquid-fluorine-pulnt) design.

The most diflicult barrier in using existing ('onv_mtional cryogenic

pump designs for FLOX or fluorine lies in the lack of a coinpatible and

reliable shah seal that will operate for exten(tcd l.,rio(ts in the reactive

fluorine or FL()X environment. Developlnent testing of a fluorine pump

at Bell Aircraft Corporation demonstrated that such seals were feasible.

One seal accumulated over 27 minutes running lime in liquid fluorine,

and another seal operated well through three 300-second runs in a single

2-hour period (ref. 7). Work t)erforlnod at I_ewis and by Rocketdyne

I)ivision of North AInerican Aviation and by the Florida Research and

Developlnent Center of Pratt & Whitney Aircr'tft has contributed to

resohltion of the seal problem (refer to se('lion 4.5.2). ()ther lnajor

problem areas in Immp design are the seal conligural ion and the iml)eller-

inducer design.

4.5.1 Dynamic Seals

The most critical l)robh'n_ in designing a seal for a liquid-fluorine

pulnp is controlling the leakage of fluorine to f>revent contact of fluorine
or FL()X with noncon_patible elements of the I)Uml) (l)articularly the

bearing lubricant, since no known lubricants arv COmlmtihle with liquid

fluorine!. Leakage control can t)e lnaiI_tain(,d ill by l)rovi(ling a nlore

colnlmtible environment for the seal t)y a t)a('kl)r(,sslare inerting tech-

nique, bleeding an inert pressurant through th(' s(.al cavity and l)ast the

seal into the impeller cavity, or (2_ by v(mtin}4 an,l l)urging the seal
cavity overboard with or without use of a lmrgc gas swe('t). Both these

methods, discussed subse(lu(,ntly, have been SlW('(,ssfully deinonstrate(t in

l)ump tests (ref. 7).

Mechanical seals, bellows or sl)ring-loa_l(,d, al)l)('ar to be the t)etter

choice to incorl)orate in a l)ositive shaft-seal d(,sign. This type of seal

has been used successfully in li(tuid-oxygen lmml)S Iref. 8). In the fol-

lowing discussion it is assumed that the t)cllows seal is used, but if

spring-loaded seals were considered, the discussion would still generally

ai)ply.
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r Secondary seal

/ and loading device
/

r Seal

....... /ring

/
/

Mating ring _

FIGURE 4-11.--Bellows and dynamic seal.

The dynamic seal (fig. 4-11) consists of a stationary seal ring,
attached to a secondary seal and loading device (bellows), rubbing

against a rotating mating ring attached to the punlp shaft. The selec-

tion of the rubbing inaterials is important since they inust both perform

adequately as seals and dissipate the frictional energy generated without

reacting with the fluorine. (Seal materials are discussed in section

4.5.2. )

Early liquid-fluorine punlp tests (ref. 8') used a graphite carbon seal
ring rubbing against a rotating nitralloy mating ring. The inside of the

seal was pressurized with heliuni gas to a value slightly higher than the

pressure of the fluorine being sealed. Thus, the seals operated with a

slnall flow of inert gas across the rubbing surface (see section 3.3.3.6).

Such a seal configuration is shown in figure 4-12(a). Seal 1 is the pri-

friary fluorine seal. Also shown in figure 4-12 (a) is a second set of seals

(seals 3 and 4) purged with helium to prevent contact between the bear-

ing lubricant and any possible fluorine leakage. Pump tests with this

seal configuration were successful because of the heliuln l)rotection.

However, heliutn leakage into the liquid fluorine sometimes causes tu'ob-

lelns with puin t) priming. Therefore, for rocket-engine applications, it is

desirable to have a seal configuration similar to that shown in figure

4-12(b) in which fluorine leakage is accepted across seal 1 and is then

vented overboard. Pump tests with graphitie carbon seals in which

fluorine leakage was accepted across the seal generally resulted in

burnouts due to the reaction of the fluorine and carbon (refer to section

3.3.3.6). Thus, graphitic carbon seals are not recomlnended for liquid-

fluorine pumps.
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4.5.2 Seal Materials

Considerable work has been done in the selection and testing of

materials for use as dynamic pump shaft seals for a liquid-fluorine
environment (refs. 8 to 10). These studies can be divided into two

parts: (1) preliminary friction and wear studies to determine lubricat-

ing eliaracteristies of fluoride fihns in sliding friction, and (2) sinlulated

and actual dynamie-pulnp-seal tests to examine realistically the best
materials determined from the earlier friction studies.

Evaluation of all the testing reported indicates that a combination of

titanium carbide cermet with a nickel binder (K-162B) and aluminum

oxide (solid or flame sprayed) or a K-126B seal ring with a K-162B

mating ring both have good friction and wear qualities when subinerged

in liquid fluorine. While both the K-162B and aluminum oxide have

proved suitable for application as seals in liquid fluorine, the latter

combination (K-162B used for both the seal and mating ringsl is

probably the best. Solid aluminum oxide is very fragile and subject to

breakage, and the flame-sprayed aluminum oxide is susceptible to

chipping, with subsequent high wear rates and loss of the fihn coating.

It appears then that these materials are the best offered by the state

of the art but are limited in long-term exposure to seal enviromnents.

For realistic evaluation of this type of seal for application in ground-

support equipment pumping (from storage to launch of the test vehiclei

considerably more testing is required. However, the testing to date

indicates that such seals could provide reliable short-tcrnl operation,
such as that required in launch-vehicle systems.

4.5.2.1 Friction and wear studies at Lewis.--Four material combinations

were submerged in liquid oxygen and in liquid fluorine to determine their

potentials as dynamic seal components for fluorine turbopump applica-

tions (ref. 8). Data were obtained in liquid oxygen and liquid fluorine

with aluminum oxide riders sliding on four disk conipositions: (l)

titanium carbide cermet with nickel binder, (2) solid aluminum oxide,

(3) fused coating (76 percent calcium fluoride+23 percent lithium

fluoride+l percent nickel fluoride) on aluminum oxide, and (4) coating
(62 percent barium fluoride+38 percent calcium fluoride) on a nickel-

chromium alloy. The tests were conducted with a .}J_-inch-radius

hemispherically tipped rider sliding in a circumferential path on a 2V2-
inch-diameter disk.

Results (shown in table 4-IV) indicated that the presence of a fluoride

film, either as an applied fused coating--calcium fluoride+lithiuni
fluoride+nickel fluoride (CaF_+LiF+NiF2)--or as a film forined (lur-

ing sliding contact (titanium fluoride or nickel fluoride on the titanium

carbide cermet, or possible aluminuin fluoride on aluminum oxide} in

liquid fluorine, was beneficial in reducing the friction and wear of the
aluminum oxide riders.
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4.5.2.2 I)y_amie seal studies.IThe two best materials determined in

friction and wear tests were tested :is dynami,' seals qref. 8t under con-

ditions representative of an actual puln 1) apiflic:ttion. This follow-on

investigation used :t flame-sprayed aluminum oxide nosepiece 10.006 to

0.008 in. thick) i'l.ln against a mating (lisk of tit:mium oarbide cermet or

a fused coating t calcium fluoride + lithium ttuovi_h.+ ni('kel fluoride J on

aluminum oxide.

The stationary nosepiece, attached to :t ill:t('hille_t beryllium-COpl)er

bellows with a spring constant of 1000 pounds p<' square inch, was run

against the mating disk while submerged in liquid fiuorim'. Experimental

test conditions included a sliding velocity of 2300 f_,_,t per minute, a seal

face load of 15 pounds, "md a pressure differentiaI across the seal of 2

pounds per squ'tre inch. In these seal experiments, the low pressure

differential did not prevent the sealing surfttces from being wetted down

by liquid fluorine.

The results of these seal experiments tref. Sl. given in table 4-V,

indicated that aluminum oxide sliding ag.dnst ,ither the fused fluoride

fihn on tduminum oxide or the titanium carbide cermet are aeeeptabh'

material combinations for fluorine seal "tpplieatimls. Proper presSlLlre

bahmeing of the seal is required, however, to prevent ,,xeessive or uneven

face ]oadil)g, which can cause catastrophic seal wi_al ' and local frag-

mentation of :tIuminum oxide (discussed furthvr in th(. following pava-

graphsi.

Material comi)inations selected fron] these eal'l]pr i,.sts (ref. 8) were

also Fun ill later tests of t1I,-10 i(?ent:tur) ungim,> with fluorine trod

hydrogen (vef. 101 and in tests of Atlas sustainer engines with FL()X-

RP-1 propellant. In these tests, fll.lorine leakagl, was accepted across

seal 1 (fig. 4- 12 tlt}l and was vented overboau'd.

Results from the ILL-10 engine tesiin_ pl'Ogl'lHll ,'ontivmed some of the

eonclusions drttwn in the dynamic tests tit I_ewis. Xlaturial coml)inations

(seal ring and mating ring}, which included ',thmlinum oxide {flame-

sprayed filnl!, displayed good wear eharacterisiivs; however, aluminuni

oxide introduces the possibility of ftdlure due to I,oor bonding, from

wearthrough of the flame-deposited fihn or from c}lil,ping of the film.

Tests in ttw program (ref. 9} also indicated thal :t seal rin_ of beryllium

oxide sliding on a titanium carbide c'ermet nmiilu_ ring provided good

we:tr ehar:_ct,ristics. After ½ hour, the mating ring indic'trod a 0.0006-

inch wear and lhe seal ring a 0.0001-inch wear. (This compares with

earlier tests lImt g'_ve a 0.0002-in. wear all(t :1. {).()l)02-in. growth, re-

spectively.) fIowever, two htter tests with thes,' imiterials tit Lewis

indicated excessive wear rates, so that further evaluation would be

required before using the combination in "t fluoriiw frump.

Testing during FLeX studies of the Atlas su:tainer engine and

comlmnents included tests to define seal materials I_,'rformanee. This



FLUORINE SYSTEMS DESIGN CRITERIA 155

was followed by engine firing tests. Seal materials testing involved use

of a tit'mium carbide cermet (K-162B) mating ring with two types of
alunfinun_ oxide nosepieces (flame sprayed and in eertunie form) and a

solid K-162B nosepieee. While all the material configurations were

tested without failure, the aluminum oxide materials were highly subject
to chipping and breakage. Seal components made of solid K-162B

accumulated about 150 minutes of operating exposure time (luring the

seal tests. As a result of materials evaluation fl'om these tests, and from

previous dynamic tests at Lewis, the combination of a K-162B seal ring

and K-162B nlating ring was chosen for use in the oxidizer pump during
sustainer-engine-firing tests. The seals accumulated several hundre(l

seconds of exl)osure time during these tests, with no seal problems
traceable to seal materials. It is concluded that this combination is the

best of presently available materials.

4.5.3 Housing and Impeller

Both liquid fluorine and FL()X can be considered incompressible fluids.

Conse(luently, the inlpeller discharge configuration and pump housing

volute design can be determined by using normal puml) design t)aram-

eters, whieh are usually obtained from water data. The impeller or

inducer inlet configuration can be based on liquid-oxygen or liquid-
nitrogen-puml) data, or determined by methods listed in reference 11

when high-suetion-speeifit,-sl)eed pumps are needed to meet low-suction-
pressure re(luirements.

The t)ump impeller design should inclu(le a method of reducing the

fluorine pressure at the rear of the impeller near the shaft (e.g., by the

use of vanes or labyrinths) to lessen the dynamic seal problems.

Data for a liquid-fluorine inducer an(t main-stage pump combination
designed for a suction speeifie speed of 20000 were obtained in three

runs with a total operating time of 16.7 minutes in liquid fluorine (ref.

10). The following results were realized from the investigation:

(1) At a net positive suction hea(l of 100.5 feet, a nmximum pressure

rise of 547 pounds per square inch, a maximum flow rate of 302 gallons

per minute, and a maximum efficiency of 0.635 were obtained.

(2i At a net positive suction head of 29 feet, a maximum pressure rise

of 547 pounds per square inch, a maximum flow rate of 225 gallons per

minute, and a maxinlum efficiency of 0.62 were obtained.

(3) An increase of 41.5 t)ereent in nmximum flow rate was obtained

for the t)erformanee of the punlp with an inducer compared with the

performance of the l)ump without an inducer at apl)roximately the same
inlet total pressure (14 psi).

(4) It is l)rot)at)le that cavitation damage wilt not t)e a l)roblenl in

liquid-fluorine puml)s for rocket applieations. Inspection of the rotors
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used in this investigation revealed no damage from at)proximately 12

minutes of ot)era,tion under cavitating flow eon(titions with suction

specific speeds as high as 22 358.

(5) The titanium carbide and aluminum oxi,te matcri'ds used for the

rotating sh:fft seals in this investigation showv(I m) r<tetion with liquid

fluorine and adequately performed their funcii(ms as seal materials.

4.5.4 Pump Materials Selection

Table 4-VI gives pump components and the vatious materials of con-

struction most suitable for each comt)oncnt.

TABLE 4 -VI .--PttE FI':RR_;I)

FLeX th:Mrs

Comp(ment Mah .ria]

Housing ................... Mon_q "K" and "S'"
Stainless stool 304, ?,17

Abm_imtm 356

Impeller .................... Monel
S_ainlvss sieel 30.t. 317

._,luminum 356

Shaft ................... Mon('l

Slainless steel 301. ;_47

Seals (wear surfa('_,s), nosepiece
and mating ring

Bellows .....................

G:_skets ......................

lanes and fittings ............

Orith'e _.....................

MATERIALS OF ('ONSTRUCTI(IN l:OH LIQUID-FLUORINE OR

Titaniuln (.arhid,, ._,rm(_t with nickel binder

(se_ htble 5-IV for ,'onU)osition)

Monel

Stainless steel 347

Aluminum (anne'ded)

Colq)er (anneal_'(t)

i

i Bearings ....................

Monol

Stainlt,ss sit,el (300 serif,s)

Aluminum 2017, 2(/24, 6061, and 500 series

Monel

Sl ainh'ss steel

Copper
Aluminum

Brass

Stainless steel (m stainl,,ss sleel (400 series)
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4.6 INSTRUMENTATION

4.6.1 General Considerations

The considerations involved in instrumenting a fluorine or FLOX

facility inelude tile same criteria that apply to hardware in general:

(1) Component materials nnist be fluorine-eompatible and preferably
of all-metal construction.

(2) Where they are used, nonmetals must be applied within the usage

linlits defined in ehapter 3.

(3) Assembling, cleaning, and installation of all eomponents should

meet the same re<tuirements previously defined for other hardware, as

well as those specified in section 4.9.

With applieation of these major principles, most off-the-shelf hard-
ware can t)e adapted for fluorine or FLOX use with minimal modifica-

tion (e.g., replacing seal materials or making connection modifications).

The fluorine or FLOX should only he in contact with materials suitable

to the operating environment, that is, those materials with the highest

degree of material compatibility possible in the particular applieation.

The inner flow surfaces through which the fluorine or FLOX passes

should form, as nmeh as possible, a smooth-walled enclosure, free of

unnecessary protrusions or cavities. Systems should be simplified to

include minimum instrumentation to perfornl tasks required (penetration

of the fluorine containment system should be minimized). Overly

complex assemblies should be avoided.

4.6.2 Flow Measurement

In liquid-fluorine or FLOX systems, flow can best be measured by

two methods. Rotating-vane (turbine type) flowmeters can be used, or

the differential pressure from a venturi or an orifice can be measured.

4.6.2.1 Turbine flowmeters.--The metered fluid spins a magnetized rotor

that is suspended by hearings in the flow passage. Magnetic flux induces

a current in an external field, which results in an output signal that is an

index of flow. This type of instrument, which must be all-metal (pref-

erably 300- or 400-series stainless steel), has proved accurate to within

0.75 percent in operations at Lewis. Ball-bearing shaft supports are

preferred for this application, since bushing-type bearings have proved

to be unreliable (ref. 12).

Turbine type flowmeters (ball bearing) have been in intermittent use

with sustained operations for about 5 years without incidents or loss of

accuracy. As with other components in fluorine or FLOX systems,

however, it is important to maintain the system free of hydrogen-fluoride

contaminants in order to prevent bearing deterioration.
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4.6,2.2 DiJJcfc_tial pressure flowmetcrs.--The d(_u_vmination of fluid

flow by the AP method involves measm'omont of the pre.,sure drop

across either an orifice (normally installed 1,'tw_','t_ two line flangesl or
a venturi. _tainh,ss steel, Monel, ov niekel aye It,. lweferred metals for

fabrie'_tion of either orifices or vcnturi tubes. :tli}_mlgh aluminum and

copper alloys may be used in reas(mably com:_,_immt-fvee _ystenls.

Modifications and installation requircmems for differential pressuvt'

transducers used in this application "m_ im.lude,l in section 4.6.3.1.
4._.',.,'_lguk_u_e/ers.--The rotmneter may bo moditi_,d for fluorine ser-

vice by reldacing the standard tube l)ackin_ with polytetrafluoro-

ethylene; the [1.'.geof aluminum floats with sttdnh,s_ .-1,'el or Monel guide

wires is also recommended. St'm(hm[ Pyrex ghts.- tlfl,,s may be "dsed, but

because hydrogen fluoride will etch the gilts.- mi,[ coat or corrode the

floats this, as well as moisture eontamin'mts, _h.ul,t b(, minimized in the

system. Trace quantities of these contaminant: will usually 1)e present

in gaseous fluorine; thus, the ttowmeter should be calibrated frequently

with dry nitro_zen. This instrument is most suitahh, for laboratory use.

t:lotameters should be shiehted for direct reading ie.g., by surrounding

the tube with a Pyrex glass shield for pw)teetion in c:t:c of tube rupture).

The rotamcter can also be adapte_l for liquid sel vice by addling a liquid-

nitrogen jacket around the tube; oth('r rc(tuivc,I modifications are
substantially the same :is those for gaseous lhmrinc

4.6.:_ Pressure Measurement

4.6.3.1 Pressure transducer.s.--Standard comnL_'rcial instruments nor-

mally can be used for lueasuring I>ressurv if _hcy meet eOmlmtibility

requirements. Since the only surface prest.nt_d to fluorine o1' FL()X

contact is a metal sensing diaphragm, no modificathn-[ wouhl 1)e required,

although the instrument should be thoroughly c'h,:a,ed and passivated.

All-metal instruments that are ('ommeveially availal_l, elm be mounted

directly into the cryogenic tank wall (l_il>e, _,l(' !. P(hen the instrument

being used cannot toler.tte direct ('Xl)OSurc to the cryogenic, it ean be

attaehed by a short tube, which is hcliunl lint,ida, purged !refer to

section 5.2.6.1i to prevent percolalion of the ,vy.gcnic at the sensing

diaphragm aml resultant fluctuation in the lw_'_suw' <_'nsed.
The type of tran,-dueer used for AP tlle3.s/ll'l'lllellt usually has an oil-

filled lwessure-sensing chamber lwtwcen the s,'_lsin_ diapllraglns. This

chanlber should be drtdned, cleaned, and r(,fiILc(t with a fluoropolymer
oil.

When t}_is aP tvtm,_'dueev for lcv('l m¢,:lsuv.mc_t }s ]nstal}_d, the liquid

leg should be connected to a bubl)h,v system (r_'i'ev to section 4.6.5.1] to

ensure that the cryogenic liquid does not eonlact the transducer (percola-
tion wouht cause pressure fluctuation and/or tlw cryogenic wouht freeze
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the oil in the sensing chamber).

When tire differential pressure transducer is mounted in a flow line,
the instrument, should lie located above the flow line, or mounted so that

the cryogenic fluid will not contact the sensing diaphragm, sinee most

±P transducers cannot tolerate low temperatures. The connecting

pressure-sensing lines must be of the proper size and length (11 to

protect the irrstrumcnt from direct contact with the cryogenic fluid, and

!2t to provide maximum sensitivity to changes in flow rates by minimiz-

ing the volume of tl,e g'ts pocket near the instrument. In I,ewis opor'a-

tions the optimum h,ngth has generally been about 1 foot with !._-inch

tubing. To prevent excessive radiant heat transfer from the belly of the
transducer to the flow line, a layer of insulation shouhl be use_l to shield
the instrument.

4.6.3.2 Bmtrdo_z (doges.--The Bourdon tube has been used extensively in

test-cell "tpplieations. There are several types of eommercitdly available
Bourdon gages with sensing tubes made of stainless steel or K-Monel.

I,ewis has made use of these gages in fluorine service to measure pres-
sures up to 1500 pounds per square inch gage.

Special care must be taken to clean the Bourdon tube because it is

quite small "rod has a rehttively long c'tvity. First, it should be evacu-
ated to permit the cleaning fluid I triehloroethylene or trichlorotriftuoro-

ethane) to tie dr'twn into the tube. Then, after it is cleaned, the tube

must ag'dn b(, evaou'tte,I to remove the cleaning fluid. This same pro-

eedure should be used for" final lmssiv'ttion and cleaning before the
component is used in fluorine or FL(tX service.

4.6.4 Temperature Measurement

4.6.4.1 Thermocouples.--Stainless-steel-shielded t,hermoeouples are
commercially 'tvailable "rod are particularly suitable for" use in a fluo-

rine environment, rl'he thermoeoul>le wires are installed in an insulating

medium (e.g., alumina_ inside a protective tubing, sealed at the same

end :ts the thermocouple junction. This entire assembly is then swaged

to immobilize ttre therntoeouple wires. The thermoeoulfle is generally
inserted through a compression fitting wehh,d into the side of the fluorine

line or contaim,r, or the unit may be silver-soldered or niero-brazed into
place.

This arr:mgement offers fhe adv'mtage of presenting only metal sur-

faces to the fluorine or" FL()X without critically affecting response time.

In some installations, instrumentation wiring from the thermocoulde

may be run through metallic eomluit, hermetically se'tled at the point of
junction with the thermoeouple, to ensure that no contact wouhl be

made between the wiring and fluorine or FL()X.
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4.6.4.2 Thermistors.--These are used like thermocouples in low-
teml)erature systems; they provide a more m<>urabh, signal (voltage)

for given temperature changes than thernmcoul>lcs. B'_sically, thcrrnis-

tors "_re eit]wr wire-wound coils [around an i_>utatort or crystals (e.g.,

gallium arsenide) through which :t known ('urrcrlt is passed. The

thermistor resistance varies with the t('ml_erature changes and is

measured as an indication of temperature.

Both basic typ('s of thermistors are commercially available in metal

casings (that have AN-fittings, etc. i anti may be used in fluorine systems

if the general precautions given in section 4.(i.1 are followed. Wiring

shouht 1)c hermetically sealed to I)revent exposure to a fluorine or FLOX
ellvironlll(ql_.

4.¢5 Liquid-Level or Quantity Measurement

There are re'my techniques for measuring h'v(,ls in ('ryogcnie liquids

that can 1)(, divi(h,d into two groups: I1) ('ontinuous-h.vel sensors and

t12) l)oint-lcv('l sensors. These techniques cmph)y me:isurements of

thernml conductivity, density, weight, magnetic sus('el)tibility, ultra-

sonic attenuation, and optical refraction as parant('tprs 'co indi(!ate level
or quantity, l)('tailed discussion of all the pos,-it,l,_ t(,J,hniques is beyond

the scope of this report (set' rvfs. 1;3 to 15_; howev('r, instruments that

use these teclmi(tues can be applied to fluorin(, or li'I.( )X measurement if

they can be adapted to meet the fluorine-pemfliar criteria discussed in

section 4.6.1. Methods that have been suce(,ssfuliy applie(t to measure-

ment in fluorine systems are discuss(,(t in seetions .t.tk5.1 and 4.6.5.2.

4.6,5A ('(,/#_ums-level sea,sit, f/.--While eontimmus-level detection is

generally less accur,tte than point-h!vel sensing, several methods have

been su('cessfully aPl)lied:

11) l)ir(,ct weighing of the ttuorine eontaimq' (immersed in liquid

nitrogen as shown in fig. 4-,29) has l_roved a('('urate to about 1.0 to 2.0

percent in test-cell operations at l,ewis. Some flum'ine trailers include

provisions for' load cells to measure the total aright of the three-shell

storage vessel; however, since the wq,ight change involve(t from a slight

change in quantity in the fluorine ('ontain(,r is ,,mall compared with the

total weight, the acl'ttracy in re(hte(,d. Use of w(,ighing systems would be

restri('t(,d to gr(mnd-_ul)port syst(_ms.

(2) l)ifferential pressure (.xP_ h,vcl met(,rs e-m provide a more accu-

rate m(,thod of d_termining the liquid lev(q % a tank and consequently

the quantity of tluorine or FIX)X in the eontain(q'. This ,nethod uses a
transducer to measure the differential h_'a(t of _]l(' ]iqui(t. The liquid

sensing leg can be connected either (tir(,etly into t}l(' t)ottom of the storage

tank or through a (lip tube that vxt('nds to th(, bottom of the tank.

Either method v('(tuires use of a standard "l)ul,blcv" system, in which
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pressure-regulated heliunl is admitted so that only a few bubbles per
minute escape at tile bottom of the storage tank. Tile hazard involved

with use of this method is that, even with extremely pure helium, con-

taminants (primarily moisture) in the helium will tend to aecunmlate

in the fluorine or FL()X containers. This type of freezeout occurred in

an actual facility, with ice forming in the tank ullage at a vent outlet.

A resulting reaction occurred hetween the fluorine and the ice and ttle

containment tank was badly damaged.

(3) The capacitance probe level sensor enlploys tile principle that the
capacitance of a condenser is a function of the mean dielectric constant

between the capacitor plates, where two mediums (gas and liquid l exist

between the plates. The measured capacitance of tile probe is an index

of tim level of tile liquid fluorine or FLOX within the storage vessel.

Figure 4-13 shows the major construction of a probe that has been in
intermittent service for level measurement at tile Lewis Phun Brook

Facility through 19 test runs. Tile probe was modified from a standard

commercial instrument to make it compatible with fluorine or FLOX.

The probe is composed of two concentric tubes spaced and heht
rigidly within the tank t)y aluminunl oxide spacers and holders. This is

actually a liquid-gas interface detector in which the level, as it raises and

lowers, varies tlle cal)acitance of the prohc, which is detected on a 1)ridge
balance circuit.

Modification consisted of replacing tile original seals with two sets of

aluminum oxide spacers and chevron polytetrafluoroethylcne (TFE)

packing. In this arrangement, the TFE is exposed only to a static

gaseous fluorine atmosphere, and the second set of seals ensures against
any further leakage up the shaft.

(4) Flowmetering is the fourth method for determining a changing

quantity in a tank by measurement of outflow (section 4.6.2).

4.6.52 Point-level sensing.--This method can be highly accurate and is

particularly useful where a critical measurement is involved (e.g.,

launch vehicle maximum fill). The following methods have been applied
for this purpose :

(1) Temperature sensing involves the use of a thermocouplc or

thermistor to detect the temperature change across the vapor-liquid

interface (refer to section 4.6.4).

(2) Capacitance probes can be used for point-level sensing.

(3) Instruments that use vibrating crystals are commercially avail-

able and can be adapted for fluorine service (see section 4.6.1 for general

modifications). All wiring should be hermetically sealed to prevent

exposure to fluorine or FLOX atnmspheres. (AN adapters are available

on commercial instruments). In applieation, the crystal is contained in

a metal easing; a current passed through the crystal causes vibration due
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to the l)iezo('h_('tri(_ effect. When the metal easing (t,.) which the crystal

is bon(h'd) touches an incoml)ressible medium Ili_iuidi, vibrations arc

damped; to maintain the vibration, more _.m,l'gy is requircd. This

1)rovides a l)rOnOUneed indication of li(tui(t l(,vcI.

Pressurization tap_.

't-Chevron

Teflon

Fused // _ Immersion

alumina-/ ,_ span

1

I
I

Flange I
connector _1

/- Electrical

/ housing

\

FIGUI-tI.: 4 -13.-- Capacitance probe level s('ns()r. All parts _.x,',.!d el(.clrical housing arc

Mon,q m(_t al.
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4.7 REFRIGERATION SYSTEMS

4,7.1 General

Tile most commonly used refrigeration system for fluorine and FL()X

storage has be(,n a liquid-nitrogen jacket ltl'oun(] the stOl'8.ge t:mk.

Larger storage tanks Iwithout liquid-nitrogen jackets} wouht require

the use of condensers to liquefy boiloff or subcooh,rs to maintain the tem-

perature of the stored fluid. Condensers might also be used for boiloff

recovery systems, ant[ cryogenic l)ropelhtnt loading systems often

include a subcooler in the I)ropelhmt loading line to the vehicle.

For storage tanks with jacketing, the coohtnt fluid can be liquid

nitrogen (b.t)., -320 ° F), liquid air tb.p., -312 ° F), or liquid oxygen

(b.p., -298 ° F). The coolant would be selected to give the desired stor-

age temt)erature and v'q)or pressure. Liqui(l nitrogen wouhl be used as

the cool'rot in suheoolers and rccondensers to ot)tain the highest AT.

4.7.'., Condensers

Con(hmser design should be kei)t simple to t)rovide a system that is

easy to clean and maintain. The simt)lest heat exchanger would be a

liquid-nitrogen-j'tck(,ted t'mk, or 'i conventional tul)e and shell syst('m

with li(tuid nitrogen in the shell and the fluorine or FL()X contained in

the tubes. The use of an exchanger with vertical tubes provides maxi-

mum efficiency sine(, this results in maximum condensate velocity and

minimum film thickn(,ss on the tube walls.

Figure4 ]4 isa plot of the condenser load as a function of the con-

densing heat-transfer coetSeient fop fluorine (r('f. 1). The condensing

heat-transf(,r coefficient is 't function of unit tut)c h,ngth only, so that

for a given tube length, the condensation rate i)er tube is '_ linear

function of the tut)e diameter ('total surface areal.

Figure 4 15 shows a plot of fluorine condensation r'tte per tube as a

function of tut)e length for a 1-inch-diameter tube (ref. 1). In this way,

10000
........... iiiiiii ; iiT_ --_i

_ !t!tH! _::: _:_i ....... -r H ! !!!!_ 1 _ +-' +++_-----'-_--

"t-,J,4J I i

o ._._[ [h ] I I][T_.J_ i iiiiJti - _i[ M.._J 1[i1 '
o 100 ........... l

1 10 100 i000

i iiiiii
I IIH-H

t I}llll
t I]11+1

iiiiiii
,--_._.

10 000 100DO0

FmUaE 4-14.--Fhmrine eon(lcnser load as function of condensing heat-transfer

coefficient (ref. 1).
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2:
B

oa

Fluorine pressure,
psi

200150[

L

4

Length, ft

10 12

FIGURE 4-15.--Fhmrine condensation rate per tube as function of tube length for

vertical tube and ._hell heat exeh'mger (ref. 1). Niirogen boiling at pressure of

1 atmosphere in 1-inch-diameter shell tube. (?omh,nsalion rah, is directly propor-

tional to tube diameter and number of tubes in _x<.hailgt,r.

for any given condenser of this design, the total c,ondensation rate is

given by
.d

W = w.\" __F
where

IV

W

Nt
d

d'

condensation rate, lb/hr

condensation rate per tube (fig. 4-15!, lb/hr
number of tubes

diameter of tubes, in.
1-in.-diam tube
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For example, assume a storage tank of 28 000-gallon capacity with a heat

leak rate that will res.ult in a fluorine boiloff rate of 2 percent or 560

gallons per day. The desired storage pressure in the system is 20 pounds

per square inch absolute, and the equilihrimn temperature and density at

this pressure are 158.69 ° R and 92.54 pounds per cubic foot, respectively.
This boiloff rate therefore amounts to 289 pounds per hour. From the

curve for 20 pounds per square inch gage in figure 4-15, tlle various

combinations of tube lengths and numbers of tubes that will satisfy this

requirelnent may he determined.

4.7.3 Subcoolers

The need for subcoolers in a fluorine or FLOX (v(,hicle) loading

system (at a rocket installation) would largely be a function of
(1) The mode of facility storage (whether subcooled by liquid nitro-

gen, etc.)

(2) The heat gain during transfer operations from storage to launch
vehicle

(3) The propellant-topping requirements and net-positive-suction-

head (pump) requirements

The simplest exchanger for this system is similar to that considered

in section 4.7.2. Since the fluorine will be in forced convection through

the tubes and will be entirely in the liquid state, the tubes may be either

vertical or horizontal.

The heat-transfer coefficient in the tubes is given by reference 1:

0.023 C,G[ 1+ (D) °'7 ]

k-V/, \ , /_
where

h_ condensing heat-transfer coefficient

Cp specific heat
G mass velocity
D diameter of tube

L length of tube

viscosity
k thermal conductivity

] film conditions

4.s FLUORINE DISPOSAL METHODS AND DESIGN

The toxicity of fluorine and FL()X makes direct venting to the atmos-

phere inadvisable in most locations. There are several nlethods that can
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be used to provide inert reaction products:

tl) Reaction of fluorine with charcoal to produce prinlarily inert
carbon tetrafluoride gas has the advantage of reacting ahnost all the

elemental fluorine to a nontoxic state and is reeommen,h,d by Lewis for
use whenever practical (refer to sections 3.1.2.2. and 4.'.;.1 ).

(2i Direct burning of gaseous fluorine and/or FIA)X mixtures (gase-

ous) with fuels such as methane or propane in burners on top of exhaust
stacks c'm lm used by sizing the nunlber of burners awl lhe fuel flow to

the expected rate and quantity of elemental fluorine to be reacted (refer
to section 4.8.11.

(3) Reactions of fluorine with alk:dine solutions _limc, sodium hydrox-
ide, or sodium bicarbonatet to neutralize reaction products are most

suitable for laboratory quantities of fluorine but are generally more
cumbersome to use than the charcoal reactor m_,th.d Irefer to seetion
4.8.2).

(4) Recovery systems, where, system design and operating conditions

permit, should tm considered, since fluorine is expensive and no-loss
storage is preft, rttble Crefer to section 5.2.2 ,.

4.8.1 Disposal System Design

4.8A.1 (!harco_d reactor design.--In order to equip operational facilities
at Lewis with immediate disposal equipment, a carl)on-fluorine com-

bustion method was developed _refs. 16 and 171 and a number of reac-

tors were made, as shown in figure 4 16. To build these reactors,

standard ring-clam t) 50-galhm drums i6.7 cuft) w,,re lined with 2 inches

of eastable refr:tctory cement. A 3-inch htyer of thv ('vmenl was used on

the underside of the lids, but the bottoms wvro no_ protected. The

fluorine inlet tubes passed through the lid and (,n,lcd flush on the inside

at the refr'tctory cement surface. The top bdc! /ted .sg.slem allows the

hioh-tcmpcr(zturc reaction zone to be supported t,/! It. (']mrcoal; in a

furnace-grating supfmrt with bottom inlet fee(t, tit(' reaction process

tends to consume the grating. The use of two or lnore of these drums

connected in par:dlel is preferred to one htrge unit l)e('ause tile parallel-

drunl system provides continued disposal (.apal_iliiy in the event of

burnout in one of tile units. The calmcity fluorinc-disl)O>:d rate per drum

was approxinmtely 100 pounds per hour, but in one t,_st the equipment

was operated at a rate higher than 600 pounds per hour for approxi-

mately 3 minutes 130 lb fluorine) with a possibility of liquid-fluorine

entrainment without damage to the reactor.

The nmximtun rate of fluorine disposal for an (,fllt,.t_t containing less

than 100 parts per million of fluorine was aptwoximah.ly foul" tilnes

greater for the :);'_-inch charcoal material than for th(' 1 !,_-ineh material.
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]t16" by 1" steel clip

(spaeed6"apart)----., /./_',," '/ _.\ -- X,_

! i i-__ -' ,,

Fluorine 3/4" Copper tube 7 U T 2"

inlet _ b l
3"

/
711

3" Refractory

cement _

34_"

111

]_ rad
/- 3t8" Copper tube

Pluc

C_," \_ 1]_'' (

 ':iii:i

. _.

Refractory _

cement-,,\\ _'_
\ J

f _

/- Effluent outlet, y,..,__'_''_
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FTc, uR_ 4-16.--Uncooled fluorine reactor.

Oil drum

(.55 gal)
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Thus, tile rate of fluorine disposal is inver._ely proportional to the

nominal particle diameter. Since tile, ratio of tile, total external surface

area per unit volmne of charcoal is also 4 to 1 for the. :_;- and ly.:-ineh

particles, only the external surfaces of the eharco',tl particles are active
in the reaction.

The data (table 4-VII) show that the nlaxinmm disposal rate for

optinlunl effwi_,m'y for l l/.,-inch-diameter charcoal particles was about

8 lmun(ts per hour for the 0.18 cubic foot of eff('ctive charcoal volume;

the limit for :!,_-inch-diameter charcoal particles was approximately

30 pounds p_,r hour. Since the fluorine flow rat_' pt,r unit volume of

charcoal is invers_,ly prot)ortional to the partich, ,liamcter

R/V =K/D
where

R fluorine flow rate, lb/hr

V charcoal volume, eu ft.

D nominal charcoal particle diamvter, in.

K proportionality constant

Using the maxinmm allowable rate values gives

and

30 lb
K(_in. = hr

1 .... _. (ib) lin.)
0.18 cu ft. _ in.- _.,) icU ft)(hr))

(ll)t (in.)
" I/_ $ lb 1 :_/'zin.=66.6 _ - --

Kill, in.)= hr- 0.18euft lcuft)(hrl

Therefore, for engineering design api)roximations, an average maxiinuln

allowable disposal rate R may be ext)ressed as

R-- 6_V (lh fluorine/hr)

The volum(, term in the preceding equation represents the maximum
requirements for nmxinlum rate and does not allow for the fact that

charcoal is consumed in the process. Therefore, additional volume is

required eqtfivah,nt to the volume of charcoal to be consumed. The

stoiehiometric e]mreoal requirement for fluorine consumption is assumed

to he 17.5 t)otm(ts of charcoal per 100 pounds of fluorine plus the

nfinimunl amount of charcoal for maintaining ri,action efficiency toward

the end of tile burning period.

The length of tinw a given reactor may be used continuously is limited

by the high-tenq)eratm'e resistance of the reactor structure to fluorine

attack, tilt, he'tt capacity of the systen h an([ the rate of fluorine input.

The number of nozzles required for any given bed area is arbitrary;

however, one to three nozzles I)er square foot have, given satisfactory
distribution.
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TABLE 4-VII.--DATA FROM LEWIS FLUORINE-DIsPOSAL EXPERIMENTS USING A

CIIARCOAb REACTOR

Fluorine Flow{charcoal

in raW, ] particle

nitrogen,percent lb/hr _ diameter,

i In.

Moisture

in

charcoal,

percent

'| ] Ratio of fluorine

R un / to effluent,

time, / g
min / std cuft

! (a)

Fluorine

in

effluent,

ppm
(a)

54.4

50.0

31.4

22.2

18.5

15.5

15.4

14.0

10.0

2.5

.3

.3

.L.
Fffect of fluorine dilution with nitrogen

l
'8 <6 2.4X10 _

2.5

2.1

.5

1.5

1.7

.9

4.9

4.8

4.2

6.1

4.9

30

29

31

9

29

34

17

98

105

111

171

137

Effect of flow rate and charcoal partMe size

--7

100 2.1

2.4

4.0

4.0 I

4.0

4.4

4.5

4.5

9.0

42.3

61.0

3/8 <6

i

Effect of flow rate and charcoal particle _ze

100 1_ <6

4.7X 10 s

5.1

8.3

4.1

.8

3.9

2.5

5.2

2.1

14.7

31.2

37

41

66

32

6

31

20

41

16

117

247

2.2

2.3

4.0

4.5

8.0

10.2

48.4

12.1Xlff a

8.0

8.5

11.1

55

24.7

104

96

63

67

87

43

195

825

The parts per million of fluorine in eflhwnt are not proportional to grams of fluorine (X10 -a) per
standard cubic foot of effluent when dilute feed is used; the nitrogen content in the effluent reduces

the average molecular weight of a given _ample w)lume thereby increasing the parts per million value,
whereas the grams per standard cubic foot are not affected.
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TABLE 4-VlI.---i)+vr:_ FntoM tEwl_ FIA'ORINE-I)I.'-I't_Xl. }'(XPt':ttI_MENTS USING A

C H :'_R(XL*_I+1{ _.:._e'rou--('o nchl, b .,i

Fh)w Mo u t .... fIhl(,nt,

nit.-£_.,,n "-,_. rat(,, "lD+F{l(',e ILil, w, AL

,h rainq ,r I 'p''''cn{ t thin <t,]_;,, f{
It>/hr' +a "( al,

___Per('('nt i_ i. I1 '+

Eff('('t of moisttm,; satlur;iticm mainl:tin+'d

6 3,/8 24 3.25

5.25

S.85

10.25

14.75

29 ISA5

high initiul waI¢'r

30 2.0

0.7 ,:10 '_

2 .(3

6.3

17.7

b,.t

9.0

:dh)w[ d to diminish

i

100 ]

100

Effect of moisture

L

19.S

L

] .7'2 _< 10 a

3.l 4 ._2

5.0 4.4

6.0 15.3

S.0 10.9

,g.5 14 9

11.0 2.9

12.0 7,9

1,g.2 ;+1.s

Fluorine

in

_,ttlu(,nt,

ppm

5

23

50

140

64

71

14

38

35

121

86

118

23

63

30

a The parts 1>(,1 • lllillioll (If fltlt>rilll, in i,Ii]llt,lll aI_, ii(it pt<llJ<+lli+Jll,i] 1,+ _l,l[liv, Ill fllJqlrillt" (XIOal per

stalld&rd cllhi(, fl>lq i)f e_|u_,tlt whi,ii dihltl, ft,_.(] i._ ust,ql ; t]l_, nitr_:,_qt ., .:lq.tJt i+l i}1_. i,liltlt+Iit rt_]tle(_s

the a,_era_, mi+h+,,,tllav xw,ii._ht ,if a gi,._,n sanlld_, ,,<dum+, th, t,,b,,, +_ _,_,;t-i+_Z tilt, paris ]>('r million

value, v, rllt'r('as It]l_ ,.._l;_lns t_*+1 ' slalldai(t cubic f+>ol alt, I1,+1 ailqq,tq,d

I(eactor-bc(t [h'l_th is also :u't)itrary :tml nmy t)c std)ject to design

convt}llit,ii('(, sinvo the reaction is (tcl)en<h'tlt on ,'}mrcoal surfa('c 'tre'ts,

i)i-ovi(tcd, however, that th(' fluorin(, is itul)ing.e,t trot(, the char(!oal sur-

face an<t not into :t nearby voi(t sl)a('(', its could ,)('cur witl_ a single l'tyer

of t)artielcs.

In Sl+lIl).tllaI'v the Lewis investigation sh()w,.,t _e_wrally that the

carbon-fluorine disposal system may be opt+ratt'(/ cfft'('tivtqy over a wide

raIlge of eondit ions. The following r('sults wer(' (>ht ain,'<t:

(1) lO(/-pt'r('ent fluorine or fluorine <tilut,,tl with nitrogen to (!OllC(,n-

trations :ts low :ts 0.3-perc(,nt ttuorit_c nmy t)p ,ti>-l._s_.,t of efficiently.

(2) The maximum fluorine flow-rate Cal)ac:ty mcr(,ases with a

decrease in the ('harcoal-parti('h' size.

(3) Moisture content as high as 30 perc('nt in ('harc()al had no af)preei-

able effect on reaetor effieieney "ift(q' the reaction zone was established

and the moisture was driven off by the heat of r('a(+tion.
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!

FIGURE4-17.--Chareo.d rea(!tor installation at General Dynamics/Convair test
facility, San Diego, California.

(4) No evidence of charcoal-bed poisoning was indicated during this

investigation.

These design criteria have been apI)lied in constructing a 500-eut)ie-foot

reactor (fig. 4-17) at a Syemnore Canyon (San Diego) location and two

reactors at Plum Brook; all have been in successful ol)eration.

4.8.1.2 ,Stack burner design.--Whcre local conditions permit and where

large quantities of fluorine are not involved, "m exhaust stack burner

may be used for fluorine disposal instead of a charcoal reactor. This
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FIGURE 4-18.--Typical vent stack burner.

method (fig. 4-18) involves the use of a methane, propane, or natural

gas burner mounted in a vent stack to produce lighter-than-air hydrogen

fluoride, which (while still toxic) will disperse readily in the atmosphere.

A series of tests was conducted at the Lewis Pluin Brook facility to

determine an optinmm fluorine-methane burner. Of the types tested,

only one t/urner proved feasible. It consists of two concentric tubes; the

inner tube carries fluorine, and the outer tulle carries fuel. When the

stack burner is not in use as a reactor, tile fuel is burned with atmos-

pheric oxygen. Tile tips of the fuel and fluorine tubes are flush (fig. 4-

18i, and the relative sizes are such that more than stoMfiometric quanti-
ties of fuel are always available to react with the fluorine. Fluorine flow

rates must be kept high enough to keep tile flame, front away from the
tip of the tube. The Plum Brook tests indicat(.d that this could be done

by keeping the fluorine vent gas l)ressure ahoy(, 20 to 25 pounds I)er

square inch gage. The use of this type of disl)osal fa('ility is primarily

rate-linlited by the perinissible rate-of-release for hy,h'ogen fluoride in

a given locale.

4.s.2 Laboratory Disposal Methods

Although test-tube quantities of fluorine may he vented directly into

hoods connected to vent stacks, the preferred m('tho(t is to use t,he char-
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coal reactor systeln that reacts tile fluorine to nontoxic carbon tetra-

fluoride gas, which can be safely vented through tile vent stack. Tile
construction of tile size of the reactor may be scaled to tile t)articular

application and cap be test-tut)e size if desired.
A second method for routine disposal of laboratory-size quantities of

fluorine is to t)uhble the fluorine, diluted with a lninimum of 200 l)ereent

excess air or nitrogen, through a 5- to 10-percent solution of lime. If the

reaction proceeds too vigorously, the dilution of the fluorine should be
increased. A solution of sodium hydroxide, sodium carbonate, or sodium

bicarbonate may be used instead of the lime solution.
Still a third method involves passage of the fluorine over a bed of

sodium chloride or calcimn chloride, with subsequent reaction of the

liberated chlorine by a soda-lilne slurry.

The obvious advantage of the charcoal rea(,tor can be seen by a com-

parison of these methods, since the reactor can t)e stored ready for use

and requires no secondary treatment of the effluent, except that it should
be vented to a hood or directly outdoors.

The requirelnent for emergency disposal of tank-size (6 lb) quantities
of fluorine should be taken into account when building or setting up a

laboratory. Since burnout, a broken or galled fluorine cylinder valve

stem, or similar failure in the supply to the laboratory can occur, a
charcoal reactor can be manifolded to the cylinder supply. If damage to

a cylinder valve is suspected, or if other malfunctions occur that require

use of the reactor, the fluorine may be dumped through the reactor,
where it will react to form inert carbon tetrafluoride. Construction

details for the reactor are included in section 4.8.1.

4.9 SYSTEM FABRICATION AND COMPONENT INSTALLATION

4.9.1 Prefabrication X-ray Inspection

Experience at Lewis has shown that, even in the best quality mate-
rials (such as sheet stock for tank fabrication, piping, tubing, and

fittings), discontinuities, cracks, or inclusions in the metal may be

found by X-ray and visual inspection. These must be cut away or

removed to make the material homogeneous and suitable for use in the

fluorine or FL()X system t)efore fat)rieation or installation.

Both coinponents and systems for handling liquid fluorine nmst be

chemically cleaned before assembly or installation. Fabrication, assem-

bly, and installation I)rocedures should be such as to elilninate the l)ossi-

bility of having weld slag, weld beads, dirt., grease, or other foreign mate-

rim in the completed system. Before the asseml)led system is passivated,

it should be chemically cleaned by using the detailed cleaning l)roeedures

given in chapter 6.
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4.92 General Precautions in Installation of

Fittings and Components

The insialhttion of fittings ._}lould 1)e von(luct(,(t irl _u¢'IL a rammer :is to

prevent tim introduction of eontamin'mts. If the r,,:w!ion of a eont'tmi-

nant with fluorine or FI.t)X generatrs sufficicm ILrat, it can trigger a

reaction betw(!(,n fluorine an(t the m(,tal lira, or fittings, cx(,n though the

line tlaS l)ecn IWOl)crly passivated, since l)aS_ixation I_llty not totally

remove po('kt't s of ('ont tmfinan( s.

4.9:_ Welding, Soldering, and Brazing Procedures

PiI)(' end,_ to I,, w(qded should hi, bev('l(,,I ,uitahh, for t'ull-tIem'tration

V-notch butt welding with minimunl bead on ih_, inside of the lfil)e.

Sleeve joints should be avoided unles._ the ovevlal)join_ c'm be brazed or

isolated by wel<ling. Wehling should 1)(' pcrfornw(t by a (tualified welder.

A shiehlei[ art' (th'liare) that has an inert _as ba('kul) should t)e used to

t)rcvt,nt thc ldl)c from being ('ontanfinat(,d with slag, (,t('., that cannot

be removcd by normal cleaning two(',,(lures "1'1., w,,]d should tip pro-

tected by a Imrge wid_ argon or ]wlium gas hcfor_, wel,ting is ._tarted.

The l)ur_e may I)¢' rcduced during w(,hling to ])l'('\'(')lt })]oW()tlt of tile

wehl. C,:ts-p)'otecliv_. devices shouhl h(, in phtl'c l}lr,mghout the welding

l)rOee._s. An al)i)rtq)riate filh'r rod shouhl t)(' addc, i ,m !h(' first pass. The

remaining 1)as.<,,s may be met;d-ar('ed to mininfiz(. ,li,_mrtion and carbon

twecil)itatinn in su.<('ei)tible alloys "rod to in('r(,as(, w('htin_ sp('ed. The

weld I)('nt'trali()n or depth of fusion mu.,<t h(, io (h, b()liom /)f the V-

groove (ex('(,:._ I)en('tration of a bead !.'_c, in. high o, the inside of the

l)iIIe is a('('ep(abh, if the hea(l is _mt)()th and w(,l[ rou)l(h,(l, rely. 12 and

17').

Th(,re must I)(, nt) ('ra('ks, (.r',_t(,v d('f('('(_, l)inh()h'_, (.)' _,lag. Aft(')' th('

first l)a,_,<, th(, w(,hl s)louhl he cart,fully in,_l)t'ete, l for .h'f('cts. (h'aters,

cra('ks, and roug]1 Sl)t)ts must he grtmn(l out l)(,f())'(, ('t)ntinuing tht, wehl.

The :u'e ,'<ht)uhl not l)(' l)roken tit th(' ('(,ntt,vline of th(, wtq,l. Th(, welding

rate should be a('('eh,r'It('(l until the w('hl l)ool be('onlcs s)mtl], then moved

off to the _i(Ic of (he _ro(Ivt' hcf(It(' b('in_ broken, Th(' h(,atl, wht.re it is

l))'oken, shouhl }mvc a t'q)cred cn(l. It i_ r(,e()nmwn<l(,(i that th(' w()rk l)e

(urm,d to alh)w (lownhan(l w('hling wht'r('v('r l)t)ssil)h,, ll()w(,vcr, th(' most

important thing i_ in<livi(hm] t('('hni(lu(' an(l skill of th(, w('l(]cr.

Wel(h'd joims shouhl hi' .,trt,s,_ rclicvt,d, if ne('('_sary, 1)y ],"a treating.

W('hh'd seams tin(1 ('t)nn('('tit)ns uscd in fluorin(,-FI.()X installations

)'(,quire X-ray i)isl)eetit)n of +dl wehled joints. W('hl._ with l)oor l)enetr't-

tion, flux t)r sla_ in('hlsion, l)()('k(,ts, buhl)l_,s or >-uYf:w(' llaking cannot l)e

l)ermiite(l. Wchh'<l ('onnc('tions must b(, ('leaned and l):_ssivatt,d l)rior to

being t)l't('(,(l in Iluovin(' s('vvi('(' ac('()r(lin_ to the i)r()('(,,tur(,s th,s(.ril)(,d in

('halItcr 6.
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4..0.a.1 Soldcrb_g amt brazi_g.--Prccautions for these joining nwthods

are the sanle as those for wehling, since the objc(,tive is to obtain "l ('h,an

or('vice-free joint without pockets or inclusions. Fhlx should _,c_,c_" be

use/l for soldering or brazing in a fluorine systc,n. Silver sol&q' and

Niero-brazc (or t]wir equiwdentsl are tho prcfcrvod soldering and

brazing eolnpounds.

4.9.3.2 Casth_qs, foroi*_(ls, amt p,rchased pm'ts.--All purchased parts,

fittings, and har, lwaI'C, such as /'astings, forgings, and hc'tt-trcat('d or

welded parts coated with heavy scales or oxides produced ira nmnufac-

ture, should be ch,m_cd and/or acid pi(!kled (refer to section 6.21.

Citstings should bc nonporous and fl'tR, of slt.nd and othm" foroign nlatC-

rials. Porous e'tstings, particularly bronze should not be used, since they

are difficult to cleall "tin[ snhltions lnay bc absorbed (making them

unreliable for fluorine service).
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Chapter 5. Facility Design Criteria

The future application of fluorine or FLOX (fluorine-oxygen mixturesi
in rockets or test facilities should take advantage of past experienee

with smaller scale handling and test facilities. Design planning problems

for fluorine o1' FL(IX application will prohahly involve the modification

of an existing facility to accommodate either a fluorine-oxidized upper-

stage vehicle or a FI,()X-oxidized booster. The design or modification of
oxidizer systems or facilities to handle liquid fluorine or FL()X should

follow the current practices for eryogenie oxidizers used in the rocket

industry, hut there are several considerations peculiar to fluorine and

FL()X that require emphasis. Both fluorine and FLOX can be charac-

terized as cryogenic, toxic, and hypergolie. However, most of the l)rob-
lems associated with using fluorine as a prol)ellant are not unique to

fluorine or FLOX; other more commonly used propellants or propellant
combinations also exhibit these characteristics. Fluorine and FIA)X are

unique hecause they comhine all these characteristics into a single

propellant, and because their primary combustion product (hydrogen

fluoride) is toxic and corrosive. To cope with the I)roperties of fluorine

and FLOX, facility design effort should be directed toward obtaining a

system that will (1t completely contain the fluorine or FLOX with
minimum release to the atmosphere, (2) react as much relea_'ed fluorine

as possible to an bwrt nontoxic _'tate and (3) provide for maximum

diffusion o/toxic products.

5.1 GENERAL CONSIDERATIONS IN FACILITY DESIGN

Fluorine-peculiar areas of facility design can he summarized as

(1) Achieving a fluorine-compatible system :

Compatibility aspects of design are discussed in ch'q_ters 3 and 4, and

the importance of compatibility in facility operations is stressed in

chapter 6.
(2) Proper r'ttio control of fluorine to oxygen in FLOX facilities:

Various combinations of storage, transfer, and disposal systems can be

selected to meet the requirements for no-loss containment, reaction or

diffusion of any fluorine releases, and for providing ratio control of
FLOX. Evaluation of these systems for a given facility must equate the

relative economy of construction and operation, and utility provided by

each eomhination. Storage systems, for instance, could use a single tank

for fluorine or FLOX storage, or two tanks for FLOX systems leontain-

177
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ing liquid oxygen and fluorine) wilh ratio ,'ontrol ,,i' the FI.(IX achieved

either in :t lhir<l mixing tank or by a ratio-fcv_t-('_,n_ vo] sysleln. Similarly,

transfer can h_,:tchievcd by lWeSsm'izing thv stor:tg,, lank with helium or

by self-twessu:'izing with FL()X ((w fluorine). Pr',,s,qH _,_tuipment avail-

able for fluorin,' or FL()X service does not in,'lud_' :t l'_,]i:dfle off-the-shelf

pump for sust(,itwd service; however, studies in,licat,, that such '1 pump

could be built (section 4.51.

(3) (?ontrol of I_ollution caused by the toxic aJ_d corrosive effluents

from these facilities:

To meet the general criteria outlined in the intro, hwt_Lv 1)aragraph to

this chapter, phmning for the fluorine or FIA)X l':,cility should empha-

size failure control (i.e., making the systcm fail-safct. Failure-mode

a,mlgs/s should anticipate all possibl_ .failm'cs. ,_,:,t :be c,oi_.,eri_y
desiq,t m_st permit effective fluid-hat.llit_fl proccd!,rcs to minimize

isodverletd fl.orittc reb'ascs. (;en('r.llg. tt f.ib.'e ._h.,dd .nl!l be unpre-

dictable jrom the st(_ndpoi_tt of time of occI_rrc,:,, t:_t m_t t!tpe of

/allure Isee svodon 5.2.13. Site seh,,'tion an,1 c_tlmttion would then

include a study of atmospheric diffusion eharaetc!is_{,._ and downwind

concentration lwedietions (see section 5.2.41 to ,h't,'t'mine if availahh'

we'_ther windows l)e,'mit specific flu.rim, ,)r l"l.t _X oilcrations at the

site. (Weather windows are we:tthe,' eomtitions that* will allow a given

operation to he performed within the limits aml w<t,'ictions of local

pollution-control I'equirements and the, worst erc_lil,h, ¢{,h,as¢, determined

by failure-mo, le an'tlysis.)

5.].] Atmospheric Pollution Sources

Unless a system is capal)h, of maintainin K :t cvyog,.,nie fluid at or

below its satur'ttion h'mperature at t/,¢ stor(t!H: p,(.s.,_rc, boiloff gases

lllllSt ])e vent('ll. 111 those eases w]leFe vellte(t ga>cs t'l'(':tlp 2 hazard, the

faeility should bc designed to eliminate or r._lu.,' !h(, hazard to an

aeeeptabh, level.

Several s,m,','vs of potential release of toxic fluoYine and hydrogen

fluoride must he considered in fqeility desigT_. TIk¢.s,, sources include

(1t vent gases aim residuals of fluorine in lines, t:tl_k,,, ore., following

passivation operations (unless they van be v,,('on, h.h.(.,I o, }wht without

venting_, 121 lira, contents IthmHnv m' [.'IJ)XI iu .'.he c\'cnt of line

failure during transfer operations, t31 exhaust lw._hwts from it ]auncll

vehicle during hnmch, (4) eatastroldfie failm'v illvolvin_ the launch

vehicle, and (5) catastrophic failure inx',fiviug facili*y-storage-t'mk

contents. Con.-i,leration of these five prineipal suuv,.,> amt the require-

ments of the lq6_ Federal (_lean Air Act (ref. 11 ilh>.', rate why the gen-

eral design philosophies in section 5.1 are imporlant in facilities where
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fluorine and FL()X are used.

The first effhwnt SOUl'ee, vent gases, c'm be col)ed with by using

approl)riately designed disl)OS'd systell,,*. While these systems l)rohably
would he chareo'd reactors, other methods eouht also be used. Disposal

methods and design are discu,_,_ed in section 4.8.

The second effluent source, transfer line contents, may involve a

somewhat larger r'e]e:_:e of fluorine or EL(IX, ,*ince flow r:_tes in exe('_s

of 2000 _4allons ])er lninute are not uncomnlO_l during i)ropelhtnt loading

oper'ttions. For example, a rupture in the flow line wouht result in the
release of _d)out 167 gallons of fluorine or FL()X in 5 se('ond._, in ;td(tition
to the content._ i)f the tran.,.'fer line (5 see wouhl be a ('on,_ervative esti-

mate for the tinle re(luire(I for an autom_tie shutdown system to _ens(, _
line failure and to ('lose appropriate automatie shutdown valves). Proper

engineering design and seh, etion of oper'tting proce(hu'es will provide

considi,r;tble control in minimizing the quantities of fluorine or FI,()X
re]ea,_ed in the (,vent of :_ line failure.

In the third ,_ou,'I'e of release, which involves the exh'tust t)rodu(!ts

of the hmnch vehicle, fluorides (mainly hy,h'ogen fluorid(.t wouh[ be
releast_(l only infrequently and for ,,hort periods during actual httnlch or

te,_t ol)er;ttions. (,oml)ared with the daily reh,;tse of thou,_al_(t._ of l)ound,_

of fluorides pea' (hly (in htrger operations) froln ,_upert)[_ospllate l)hmts,

cenwnt t)r(.'essinI_ faetories, ahnnintml re(hwtion I)htnts, and open hearth

rum;tees, it iv loigie:tl to :t,_Sm,le that r'(,h_tive (,cological effeets Wollld

bc in,qgnifi('ant (refi,r to section 5.2A.2i. I,auncllings would, however,

be ma(le during l)rOl)I'r weather windows to permit maximum diffusion of
all toxic reh'a_es.

The fourth type of release, cat'tstrophie reh'a,*e of branch vehicle

contents, can o('('m" during launch ot)erations an(t might involve a lift-off

and fall-back, tipover, etc. Pollution control c:m be obtained 1)y ,_elec-

tion (if tIrol)er weather window_ for the "mtieil)ated nutgnitude of the
failure. Since lhe fluorine (or Fl,()X) and the fuel wouh[ nlix ;is the

l)ropelhmt tanks rupture (hiring this tyl)e of failure, a large firebal[ couhl

be expected to fornl, lifting the reaction l)roducts high off the groun(t to

hi,come aD el(,vate(t som'ee of l'clease. Launch sites and launch weather

windows SllOUllt be selected to provide diffusion eharacted:tics needed

for this type of <)eeurrenee.

The fifth case, involving release of facility storage tank contents, iv

con._i(tered extrelnely unlikely. The probability of failure (if FI,()X tor

fluorine) stora_4e tanks is essentially zero and may be considered a

noneredible failure n_o(le. However, a measure of protection aitainst

failures such as st(inn or rocket-destru(!t debris (huilage to storage tanks,

etc., can lie tIroviIled hy applying the facility design practices (lis(.,ussed

in section 5.2.
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5.].2 Release Modes

Regardless of the source of effluent release, it will be one of two
types: a hot release or a cold release. The hot release would include

all spills where sufficient heat of reaction ovcurred to lift tile cloud

of reaetion products well above the ground. _A roc'ket engine exhaust

during test or "tscent. can also be considered as a hot spill.'t Both

liquid fluorine and FLex are extremely tlypergolie with most materials

including such substances as charcoal, tars, gr_,ases, vegetation, and

soil with a high humus content; some limited reactions can even occur

when fluorine contacts sand, gravel, and limeston,' (see section a.4).

Thus, any major spill would probably become a moct,'r:ttely hot (or :it

least warm) release of effiuent: containing fluorine, _ydrogen fluoride, and
other fluorides.

Review of motion pictures of fluorine and FIA!X spills and of large
rocket conflagrations involving comlmstion of nttmr t_mpellants reveals

that, following the initial reaction, a fireball forms and rises. As it

does, a strong scavenging effect occurs along and near tilt' ground at the

base of tile fireball, which necks down into a stem as the fireball rises.

Maximum influx wind velocities (esthnated from At las failures involving

liquid-oxygen-RP-1 propellant reaetions l are of the ovde,' of 75 feet per
second, and the initial velocities at tile n'm'ow part of the fireball stem

are estimated :it 300 feet per second. After the initial rapid gas rise, the

smoke color (of the ground fire) turns from the chara¢'teristie white of

an oxygen-rich fire to the black of atmospheric-f,,,l combustion. Thus.

it is indicated th'tt practically all the oxidizer has been consumed or

swept upward into the top portion of the column. In a major conflagra-
tion involving fluorine or FIA)X. the same vharact,'ristics eould be

expected, with the oxidizer spread by tile, initial react i_m truing swept into

the rising hot gas cloud by the scavengin_ effect :tll_l lified high into the

air. Residual fluorine in the cloud would then react with atmospheric

water vapor to form hydrogen fluoride, and the warm hylh'ogen fluoride

would rise and diffuse rapidly. Spill studies iref_. 2 and 3) SUl)port

these conclusions on hot-spill behavior.

An aspect of hot-spill behavior of concern has be_,n whether reaction

clouds will penetrate or pierce temperature inve:'sions. Temperature

inversions, which may extend upward for hundreds of feet, are character-

ized hy :m increase in temperature with an illcrease in height. This

means that a warm rising cloud wouht be trappe,I bvt_eath the inversion

unless the cloud energy is sufficient to lift it w,,ll int,_ t},,, inversion layer.

Inversion penetration is more ilnportant when low-lying temperature

inversions are present, since tile reaction cloud will then diffuse while

trapped within the layer, reducing the groun,l-lt, vt.l i_ollution downwind.

Tests in referc,nce 3 involved spills of from 21)1t to 3000 pounds of
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30-percent FLOX on JP-4 fuel and on charcoal. The spills were made on
a fiat pad that provided combustion efficiencies up to 40 percent. The

minimum energy required for inversion penetration determined from

these tests was approximately 5 × 10" Btu, or about the energy produced

by the 3000-pound spills of FLOX at 30-percent efficiency. Figure 5-1
(from ref. 31 interrelates the oxidizer source strength with the approxi-

mate re:ietion cloud volume and ten_perature difference (from ambient)

to be expected at an elevation of 200 feet.
Reaction clouds l)cnetrated low inversions {starting at about 800 to

1300 ft above ground level) and rose to about 1000 to 2000 feet in tests

reported in reference 3. The 3000-t)ound quantities in these tests were
eonsideral)ly less than those available in most launch vehicles and,

further, the reaction efficiency would i)robal)ly I)e greater in a large con-

flagration. For instance, the heat releases in 2500- to 3000-pound spills
in the FLOX tests (rcf. 3) were determined to provide a temperature
difference 16 to 23 F ° between the reaction cloud and ambient at an

elevation of 200 feet. As shown in figure 5-1, extrapolation of the test
data to a Saturn S-IV size fire (with about 90 000 lb of hydrogen and
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oxygen) indicated a cloud AT of 90 F °. ()l)viou.qy 't reaction cloud

from this larger energy source would permit l)enetration of even stronger

inversions. For the Saturn S-IV ease, the r(':,'tion clou(l would still

possess a -XT of 10 F ° at ]800 feet. Even withovt an inversion, the cloud

wouhl be an elevated release sour('e, and downwind t_ollution at ground

level shoukt not t)e a serious l)rol)lem ircl'er _(_ s_'ction 5.2.4.1i. An
inflight abort (fire or hot release at altitudel would result in lower

concentrations of ground-level pollution, because of the elevation of the

release source, than a fire of eoml)ar:d)le magnitu(h, on the launch pad.

A coht release t>roduees gas products that tend to hug the ground and

would I)e the most haz'_rdous ease to consi(h,r in _'valuating facility

lo('ation, design, and operations. Unlike nitmg(ql tetroxide and re(t
fuming nitvi(' acid (also toxic t)vopellants), both tlutwin(, and FL()X are

cryogenics, and the temperature differen('(, b('tw(,(,n them and the sur-

roundings on which they wouht spill is i)l'obal_ly in excess of 300 F °.

Thus they will "flash" and boil off :Lt high initial vales fl'Olll nonreacting

materials on which they mi_zht spill. This is i)artieulav]y l)robat)le when

an apt)reci'd_le wind exists and the spill is t,oth shzlllow an(t dispersed.
('old spills may occur iref. 21 when fluorine .v l:l.( _X falls on concrete.

structur'fl steel, or in the ("tse of FIA tX of low c(m('pntration, sand and
various oth(,v inorganic materi'ds. Be('aus(, of the hYl)('rgolie nature of

both fluorine and FL()X with most oth(,r marl'rials, cold spills are

('onsidtq'(,d unlikely where large spill amounts are involved.

Cold spills are complicat('(t t)y the fact that boih,ff rates from the

spi]l depend on the type of aeeident, (hern_:tl eat)acities, and heat con-

ductiviti('s of materials on which the spill imi)in_cs , wind v('locity,

amount of re'tctioll, ,:in(t, to :1, ll|ilmr extent, vm'i:tti(,n_ in ambient tem-

perature. Also the contour as well :is other eharact(q'istics of th(' surf:tee

on which the fluorine or FL()X falls is important in det(,rmining whether
or not puddling oeeurs. The 1)oiloff rate is highest initially when the

surfact! on whi(,h the spill or'curs has not yet c'hill_,d It) ('ryogeni(, tem-

l)eraturcs. Initial flash-val)orization will vary, ,h'l,en,ling on whether

the cryogenic falls on ordinttry terv'dn, into :l pit, or if it is channeled

into a runoff ditch. While puddling will rc(lue_, 1)oil,_ff rates, the I)oi]off

process contilmes over a longer I)eriod s,) thai the integrate(t pollution

over a given at'ca is about the slime r(,gardh,:s of the (h,gree of fluorine

or FIA)X t)u(htlin_, flower(w, eont'matnt'nt e_,uhl t,(, important ill re(hie-

ing the peak do_-ag(! :it a given lo('ati()n. As t},(' wind velocity :tpproa('ll('s
zero, however, the slight advantage of ('tnltainnlcnt and ('(mtvolle(I boiloff
is reduced tv('fer to section 5.2.3.3).

In the studies deseril)ed in refcvcn('e 3, th,' ('.hl-sl,ill FIA)X ('louds

absorl)e(t h(':tt from the sunwarmed hillsi(h,s :t,- iht.v were I)lown up the

slope. This ,.n(,vgy addition was sufficient t_ lift _h(.l_ al)ove the top of
the hill, so that the spills t,('eome, in ('fit'('/, "w:_vn_" r(,h,as(,s, with dif-



FACILITY DESIGN CRITERIA 1_3

fusion of polhltants toward ground level beginning fronl a slightly eh'-

vated source. In addition, hydrolysis with atnlosl)herie moisture oc-

curred, converting the fluorine in the FI,()X to hydrogen fluori(te and

thus reducing cloud toxicity.

.5._ FACILITY DESIGN

,5.2.1 Failure-Mode Analysis

A study shouht be made of all vehicle ground-sUlq)ort equil)ment and

facility oper'tting modes to identify and establish all credible failm'cs

that could occur :md present ,_ hazard to surrounding l)Olnlhtce, l)erson -

nel, or equipnwnt. ()perating sequences should be analyzed from start

to end of eaeh operation to define effects on the system from sequence

initiation (e.g., filling liquid-nitrogen shields, opening valves, eli('.). The

results of this study can b(! usell to improve facility operating procedures,

to assure a contaminant-free system at all times, and to lninimizo the

possibility of failures during all operating seqllences. Failure-mode

analysis should take into account fluorine ext)osure factors such as

eoml)atibility of materials, temperature, pressure, flow velocity, phase of

fluorine or FL()X (gaseous or liquid), and the coneentr'ttion of fluorine

involved. This type of .mtdysis l)ermits separate consideration of the

fluorine-1)eeuliar effects of system conditions on each subsystem, com-

ponent, or connection.

ldentific'tl[ion of pol[cntially hazardous conditions shouht not be con-

fined to the mode of faihu'e (e.g., tnirnouti but shouhl identify the resull[s

of the potential failure :rod provide a lWeldanned course of :tel[ion if the

failure should occur. In addition, the study should define wc/t.t}l(q'-

window limitations within which tile worst-e'tse failure in the op(,rating

mode could occur without undue hazard to the facility or the surround-

in K area. By this n/cans, the limiting conditions are defined under which

given operations (e.g., maintenance, propellant loading, launch, or test

firing) would be I)ernaissible at the fluorine or FLOX facility.

5.22 Boiloff Recovery or Disposal Systems

During launch or test operations, large quantities of fluorine or

FL()X are removed from the l):tssive, confined environment of f'tcility

storage tllrongh the flow transfer of the oxidizer into the launch or test

vehicle where design considerations do not l)ermit no-loss storage. Since

])oth fluorine and FI,()X are eryogt,nic, the high rate of heat leak into the

l:mnch or test vehicle will cause an 'q>lweciable amount of I)oiloff an(t

attendant 1)rohh'ms in h:m(tlin_ the toxic vapors. A theoretical (,vahla-

tion of the Atlas lalm(.h vehicle with 30-1)ercent FL()X, for instance,

indicated that a boiloff rate of the order of 145 to 605 pounds per minute
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FI(:URE 5-2.--Fluorin(_ conc_,ntration in boiloff ga_q.s fr()rll ]"LOX mixtures.

could be exi)ected{ the boiloff rate from a fluorint,-oxi(lized upper stage

would be less, I)robably 15 to 20 lb/mini. In FL()X systems, boiloff

presents an a(htitional problem because the boiloff vapors arc fluorine

rich tsec fig. 5-2) with a resulting decay of the desired FL()X mixture

ratio. However, the rate of re]case of fluorine would b(, h,ss for a given

vehicle that uses FLeX rather than fluorine. For instance, in the Atlas

case cited, the fluorine content of the FL()X I)oiloff would be 60 to

254 pounds per minute. /Feasibility studies on the use of FL()X in

t)rescnt-gencration boosters used the Atlas as a "tyIfi('al" example, and

exccrt)ts from these studies arc us(,d in this discussion, t

There arc thre(, basic at)l)roaches that can t)(, apl)lied in handling

the l)rohh,,l of boiloff from fluorine or FI,()X syst_,ms. The first and

probably most fe'tsible method would bc to rcli(lu(.fy the boiloff and

either recycle it to the launch or test vehicle or r(qurn it to facility

storage. The second method wouh[ involve SUl)I)r¢,ssing the boiloff inside

the launc]l or t('st vehicle by k(,elfing the storage l('nq),,ratur(, below the

oxidizer boiling l)oint. The third m(,thod would ir_volv(, free v(,nting of

the t)oi]off gases, with the (qttuent either vent¢'d dir('('tly to atmosphere

or through a charcoal disl)osal system.

Recovery or (list)osal syst(,m (if'sign should 'd,-o provide for recovery

of the liquid eont(,nts of the launch or tl,st vehich, if it is necessary

to dctank part or all of the oxidizt, r contents. [n normal situations,

recovery is achiev_,d by reverse flow through the tr'msfer system to
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facility storage. Provision should be made, however, for the operating

conditions that do not permit this type of transfer !e.g., burnout of the
transfer-system pipingl.

I)uring the transfer of eryogenie propellant to the vehieh,, there will

be high initial boiloff rates of fluorine or FLt)X until system pilling and

the launeh or test vehicle tanks reach equilibrium temperature. Also,

the need to maintain '_ pressure differential between the facility storage

and humeh or test vehicle tanks (constant ullage pressure} will require

venting of pressurant, gases through the disposal system or to a recovery

system. The selection of size for' the routine disposal system should then

inelude (as a minimumi sufficient capacity to react this amount of

fluorine release. Additionally, if detanking of the launch or test vehiele

is required, venting of the faeility storage tank may be required. Any
residuals in the launch or test vehicle and transfer lines must lie vented

and purged through the routine disposal system. Capacity must be pro-
vided for these eonditions.

_.2._.1 Application of boiloff relique]action and recycling systems.--

Boiloff reliquefaetion systems can be considered in two basic eonfigura-

tions that can be used separately or in eonlbination. Reliquefaetion

methods prevent a shift of the fluorine-oxygen ratio, due to preferential
boiloff of the fluorine !fig. 5-2) in FIA)X mixtures in the launch or test

vehicles. The two basle eonfigur'ttions are receiver tanks and boiloff

reeondensers and recycle systems.

Receiver tanks (fig. 5-3(ai ) involve the use of an extra lot redun-

dant) liquid-nitrogen-jacketed storage tank to reliquefy and store boil-

off gases froln the laimeh or test vehicle; this stored fluid is then periodi-

cally recycled. The dual tank system permits maxinmm total system

flexibility and redundancy beeallse it t)rovides the capability for recov-

ering facility storage tank contents tin ease of emergency requirements)

or launeh vehMe contents, if re(tuire(I by an abort or extended hoht

during operations. Use of this system would eliminate the need for large

emergency (tispos:d dump systems beeause the re(lundant storage eouht
be used for this purpose. This system is also attractive beeause it
requires no special design of the launch vehMe other than the boiloff

disconnect. In sumnlary, the advantages of this system include a high

safety factor, reduction of the possibility of oxidizer waste, no liiniting
of oxidizer tanking rates, provision of redundant storage to ease mainte-

nanee problems, and provision for an efficient and effective fluorine and

FL()X handling system. The principal disadvantages of this system are

requirements for long return lines tboiloff return) and requirelnents for'

large volumes of pressur.mt to reeyele the liquefied boiloff. This last

disadwmtage would not be present, of eourse, with deveh)pment of a

reliable fluorine or FI,()X tromp for sustained service, or if self-pressuri-

z'Rion teehniques "u'e used.
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Boiloff reeondensers and recycle systems I fig. 5--3_b)) would utilize

a ground heat exchanger to l'econdense t)oiloff gases, coupled with a

relatively small storage t slug) tank to collect tht, condensate, which

would be I)eriodieally recycle(l to the launch vehi('le. \Vhile this method

affords many of the advantages included in use of a receiver tank, the

size of the reey('le tank would not l)rovide for stor'_ge of the entire launch

vehicle contents, "rod the large emergency dum 1) disl)osal system may

become a facility r_,quirement. Itowever, this metho_t permits sustained

holds during hmn('h or test operations without loss of oxidizer or

degeneration of FL()X ratios.

In practice, a combination of the ('ondenser-_lHg tank, located close

to the hmn('h pad and a more renmtely located (..n(l(,n,,er-receiver tank
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may be required or desired. Use of the receiver tank would overcome the

disadvantage of limited storage capacity for emergencies or sustained

holds; the use of the condenser-slug tank would limit requirements for

pressurant gases for recycle transfer by appropriate use of tile recycle
condenser.

A third method for reliquefying boiloff is the use of a condenser

mounted above the oxidizer liquid level in the launch or test vehicle.

Boiloff gases could be liquefied and returned by gravity into the oxidizer

tank. This method offers a major advantage because it would eliminate

the need for periodic recycling of fluorine-rich FLOX into the vehicle.

The disadvantage lies in the fact that it would require a bulky structure

on the umbilical tower (e.g., a condenser of the order of 7 by 6 by 15 ft,

containing about 3,500 gal of liquid nitrogen and consuming about

600 gal/min, was estimated in the Lewis feasibility studies as a require-

ment to reliquefy 60,5 gal/min of 30-percent FL()X).

s.2.2.2 Boiloff suppression techniques.--The vapor pressure of fluorine

or FL()X in the launch or test vehicle is maintained at subatmospherie
values by subcooling (fig. 5-3(c)). The nlost feasible means for achiev-

ing this, according to the l,ewis feasibility study, appeared to be either

a liquid-nitrogen-filled cap on the launch vehicle or upper stage, or a

L
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coolant coil inside the oxidizer tank. Both these m(,thods impose weight

penalties on the flight, vehicle, but both would lie effective in controlling
ratio shifts in FLOX mixtures. The use of either would minimize

requirements for modification of ground-support (_(tuipment, since the

oxidizer wouhl be kept in a subcoolcd state and boiloff disposal would

thus not be a problem. Venting of the tank ul]age (through a disposal

system) wouhl still be required during the fill cyclv, however.

Of these two methods, the use of a coolant-filled ('ap or jacket is

probably the best because it ('an provide the rt'quir('d heat-transfer sur-

face between fluorine or FLOX and the liquid nitrogen with less weight
penalty, in most cases, than with the use of intm'mtl cooling coils.

5.',.._.3 l'enti_g boiloff gases.--The system involving direct venting of

boiloff gases fronl the hmnch vehicle ret)re,_('nls the most siml)le con-

figuration from th(, standpoint of required which. ()r ground-support-

equipment mo(lifications. However, this system wouht only be feasible
where site evaluation and weather-window criteria permit (refer to

section 5.2.4}. When this i_ not the case, boiloff gases should be treated

to render th('m chemically inert, l_referably t)y using a ('harcoal reactor

sized to react the total contents of the vehi('le. This t('chnique would

require minima] addition to vehicle wt'igbt, prob:tl,ly [mly a disconnect

for routing hoih)ff gases into the disl)osal syst(,m ()r into a duet to carry

them away from the launch vehich,. The major dis:tdvantage in using

this type of system is cost, both in unrecovered ttuorine that is reacted

and vented to the atmosi)here, and in the charcoal r('a('tor system used to

effect the reaction. This method, in the case of FI.()X-oxi(tize(t vehicles,

also introduces the problem of mait)taining the, ,1,,sir_',l fluorine-oxygen

ratio in the FL()X, due to the 1)referential boilof[ of ttuorine from the

mixture (see fig. 5-2).

52.a Disposal Considerations

The toxic nature of fluorine and FI,(-)X makes a l)roperly designed

disposal lor recovery) system a major facility design consideration. A

fhmrine or FI.()X facility ideally should in('lud(, a disposal system that
can render the total fluorine or FI,()X contents safe under all conditions

where dumping, transferring, or overpressure venting is re(tuired.

Basically, there are two at)prot_ehes to the (tisI)osal 1)rohlcm: reacting

as nmch of the fluorine as possible to a nontoxic st-tie and allowing

diffusion into the atmosphere, or designing the facility to permit recovery

of most of the fluorine and FL()X in the grouIM-Sut)i)ort equipment and

the launch vehicle. Either of these approactws is consistent with the

basic facility design philosophies outlinc(t at the beginning of this

chapter.
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In facility design, three major categories of fluorine or FI,OX dis-
posal should be considered:

tl) Routine disposal of small quantities of fluorine or FLOX

(2) Emergency disposal of large quantities of fluorine or FI,OX in

situations that permit controlled transfer to recovery or dis-

posa[ areas

(3) Emergency release of quantities of fluorine or FLOX in situations
in which no control can be exercised over the rate of release or

the time of release

5.2.3.] Charcoal reactor applications in facility disposal.--The main

function of a routine disposal systenl would be disposal of transfer-

line contents during test operations, and disposal of residual expendable

quantities of fluorine or FLOX, or vent gases, following test. operations.

For all these conditions, transfer-line and storage facilities should be

constructed so that they can be purged through the routine fluorine

disposal system. The routine disposal system may also require addi-

tional capacity to handle part or all the oxidizer contents of the launeh or

test vehicle, the extra capacity required depending on the method

selected for han(tling boiloff. (Boiloff handling problems are discussed

in section 5.2.2.) When these larger quantities nmst be processed, use

of the charcoal reactor' is probably the most feasible disposal method.

,_pecifieally, this method provides for disposal by reacting the fluorine

to an inert, and nontoxic product, mainly carbon t.etrafluoride (refer to
section 3.1.2.2i. The reactors (described in section 4.8.1.1i can be scaled

u I) to meet facility needs; one such existing reactor has a cat)aeity of
500 cubic feet. Because large reactors can be expensive to build and

maintain, several small reactors manifolded through valves to the

disposal line would be preferable to a single large reactor. The size of

the disposal system will depend, of course, on the effectiveness of the

facility design and operations in holding production of fluorine waste

products to minimum quantities and release rates.

5.2.a2 Emergency controlled disposal of large quantities of fluorine or

FLOX.--Disposal requirements include providing for emergency disposal

of large quantities of fluorine or FL()X during facility operations. This

could, for instance, include the contents of a launch vehicle during a

protracted hold (from boiloffi or in a situation where the contents can-

not be returned to facility storage. While large charcoal reactors can be

designed that could cope with this disposal problem, this involves cyst

factor's in construction and maintenance, as well as the additional cost

of the fluorine lost by using this method of disposal. For sustained oper-

ations at a large facility, these cost factors might be large enough so

that recovery systems (see. 5.2.2.1_ would be preferable for all except

routine disposal (of purge gases, line residuals, etc.).
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The use of an open dump area containing charcoal fuel is also feasible

for this purpose. Tests discussed in reference 3, which involved spills

of up to 3000 pounds of 30-percent FLOX on charcoal on a flat surface,

produced reaction effieieneies of the order of 40 p_,rcent and also indicated

that atmospheric hydrolysis will occur to react the remaining fluorine to
lighter-than-air hydrogen fluoride. Had this spill been made into a pit

of charcoal, or had the fluorine or FLOX release been made through a
flow line into a confined area, better contact would have been achieved

between the fl_orine and charcoal. Considerably h}ghcr reaction efficiency

would be expected in these eases. The reaction efficiency in an enclosed

charcoal reactor approaches 100 percent. The heat of reaction in this
type of open disposal system will lift the cloud of reaction products well

off the ground fin ref. 3 tests, an inversion was penetrated), and the
carbon tetrafluoride formed from the carbon-fluorine reaction will act as

a diluent to reduce the toxicity of the cloud Results obtainable from this

type of reaction are discussed in section 5.2.4.1.

5.2.3.3 Emergency spills or releases at uncontrollable rates. A survey

of problems involved in spills {ref. 2} led to some conclusions that may

be useful when uncontrollable rates of release during facility operations
are considered :

(1) Cold releases (the most undesirable type of fluorine or FLOX

release) can be prevented by providing a reactant, such as charcoal, in

the area of a possible spill. The value in using charcoal cannot be over-

emphasized because most of the fluorine that reacts will be converted to

carbon tetrafluoride, which is chemically inert and nontoxic. The pol-

lutant is reduced by the amount of fluorine reacted, the heat of reaction

enhances the removal and diffusion of reaction products, and the carbon

tetrafluoride acts as a diluent to reduce the pollutant concentration.

(2} Containment of the fluorine or FL()X ._pitl in pits or behind

dikes, but particularly in a basin with mininmm "wetted-surface to vol-

ume" ratio, can be effective in decreasing high boiloff rates (ref. 3). The

tests with liquid fluorine and liquid oxygen demonstrating this feasibility

indicated that boiloff rates drop off sharply after the initial chilldown

of the bottom of the spill basin. By contrast, ahnost instantaneous

evaporation was observed when no containment was used (ref. 3). Prob-

lem areas for consideration with this nlethod include channeling the

fluorine or FI,OX into a spill basin and the high flashing rates that occur

during channel and pit cooldown !see section 5.1.2 for a discussion of

cold spills). Dat,t from reference 3 indicate that, in a cold release of

fluorine, hydrolysis occurs with the atmospheric moisture to produce

hydrogen fluoride, which is less toxic than fluorine (see section 5.2.4.1

and table 9-I, p. 246). Water sprays could also be used in combination to
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improve the pollution control provided by the contaimnent method (see

discussion in items 3 (a) and 3(b) ).

(3) Tests (refs. 3 and 4) indicate that water sprays could be used

to capture fluorine and reduce total downwind pollution from both

fluorine and FLeX cold spills. However, the use of water requires
consideration of several problem areas:

(a) When water sprays are used on puddled cryogenic FLEX, the

high heat content of the water causes flash vaporization of the FLeX

and results in a higher peak pollution concentration downwind. How-
ever, the 30-percent-FLOX-water reaction is noncombustive and

if sufficient water can be supplied, downwind contamination can be

greatly reduced (ref. 3) by the reaction of fluorine to hydrogen

fluoride and the subsequent capture of the hydrogen fluoride by the
excess water.

(b) The water-fluorine reaction, by contrast, is hypergolic and
when liquid fluorine is involved, becomes explosive (see section

3.1.2.1). When fog spray water is used, however, the liquid-fluorine-

water reaction becomes combustive and behaves like the hot spill
described in section 5.1.2. The main problem in using water sprays

as a fluorine capture agent with liquid-fluorine spills is getting

sufficient water to the reaction zone quickly enough to capture the
fluorine before it is lifted into the reaction cloud.

(c) When water is used as a capture agent for fluorine or FL()X,
the water then contains hydrofluoric acid. However, the water can
be collected in a catch basin and then neutralized with caustic or
lime before it is released.

The use of water sprays to capture pure fluorine was investigated
in tests conducted inside a building (ref. 4). Soda ash was also tested

as an inerting agent. The amount of fluorine captured by deluge agents

in the confined tests varied between 30 and 43 percent for gaseous-

fluorine-water, 34 to 43 percent for liquid-fluorinc.-water, and 33 percent
for liquid-fluorine-soda-ash (ref. 4). In the confined gaseous-fluorine-
water tests, the amount of fluorine captured increased with the time of

flow for deluge water (the only variable). This was expected, since tile

structure limited tile loss of fluorine to the atmosphere and permitted

extended contact time with the water spray. For the liquid-fluorine-

water tests, conventional spray nozzles were used in one test and fog-

spray nozzles, flowing half as much water, were used in the other test.

(The water deluge lagged the fluorine release by 20 sec compared with

the normal 2-sec lag.) The fog spray captured a greater percent of

released fluorine despite the lower flow rate, which indicates that the

smaller water-particle size-increased the reaction efficiency (ref. 4_.
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5.2.4 Site Evaluation

In (teternfining whether a I)articular site is suittd_h, for operations

with fluorine or FL()X, studies must be perfornled to provide assurance

that fluorine, FIA)X, or hydrogen fluoride spills or' releases would not

create unaecel)tahle h, vels of 1)ollution for the sm'romMing l)opulaee and

countryside (refer to section 9.2.2i. Site evaluation should take into

account the meteorological variables l i.e., wind v_d(,'ities and direction,

telnperatur(_ htl)S(, rates, etc.) affecting the diffusion of the gaseous

I)roducts. Standard e(luations relating these va,'iat,les are given in

seetion 5.2.4.1 together with samph' ealculations.
(,on(titions that linfit fluorine or FL()X ot)(_rati(ms are depen(tent on

terrain, direction an(t distance to popuhm'(t :m,:ts, type of fluorine

operation or :tee(dental release, and the existing mei(,orologieal vari_tbles.

A ('omelet(, and thorough failur(_-n_ode analysis sho)lht be made to deter-

mine all possil)le and credible f'dlures including Ill r'tte an(t quantity

of release. ('2i whether a h(_t or cold spill will result or is l)]anned,

(3) l)oiloff rates for cold spills, (4) ])rol)at)h' amount and rate of heat

release for hot spills, and 15) method of ensuring4 combustion and con-

vective r(,mov:fl of toxic gases, In further d_'finin_ Ch(' problem of deter-

mining safe weather conditions for fluorine or l:l_)X operations, it is

necessary to specify maximuln allowable ('oneeI_trations at specified

distances from the sit(' of operations, boundaries h(,yond which these

eoncentration._ may not be exceeded (refer to section 92.2t.
In evahmting a site for I)ossit)le fluorine or HA)X facilities, the

worst ease for (,ach type of release mode leoh{ or hot. refer to see-

tion 5.1.2i is ('on_idered. Precautions must alw'Lvs I),, taken to ensure

that no una('ceptable hazard exists for possil,le worst ease failures.
In the (,vent of a spill, it is prohat)ie that suffi('i(.nt reaction will

occur to pro, tuce a fh'e ,rod resuhant rising h(,t gas ('loud thot spill).

In a hot spill of fluorine or FIA)X, the resulting, heat r,qoase would cause

the combustion /zases to rise "rod ensure dissilmtion at an atmosphere

where ground-]eve) haz:i, rd would be minimized.

5.2.4.t Difl_siot_ predictiom--To investigate pollution effects from

uncontrolled releases of fluorine, two release In(,h's must t)e considered:

hot spill and ('old spill. The characteristics of hot and ('old fluorine or
FI,()X releases are dis(,ussed in sections 5.1,1 and 5.1.2.

(?OLD SPILLS: The diffusion an(t transp(_rt equation (ref. 5_ lnay be

used to al)t)roximate the expe('te({ concentration of gaseotls pollutant

(townwiil(t along the axis of contamination. The equation is valid for

relatively fiat terr'dn an(t was (h,velop(,d (,ml_iri('ally by fitting data
from more than 200 different difl'usion tests. Both sulfur dioxide and

zinc sulfi(le (partieulatei were used in the t(>ts hy al)l)lying the same

fornmla. The most significant meteorologi("fl 1)aran_eters and their
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effects are included in the Weat]ler Info,'mation Network Display
(WIND) system equation (ref. 5) :

where

P_
,%

Pc&

-PI:0.00211 (x -_.°';) (,_0) °.'_°"(AT + 10) _.:',_

X

AT

(1)

concentration of pollutant at distance x, lb/cu In

source strength of effluent., lb/see
normalized peak concentration, sec/eu m

standard deviation of wind at 12-ft level in degrees of azimuth

(15-see smoothing interval, one wind data sampling per

second)

distance downwind, In

temperature at 54 ft minus temperature at 6 ft above ground
(measure of air stability at low levels); ±7'+10 apt)lied to

avoid necessity of raising negative numbers to a power

It can be seen fl'om equation (11 that conditions for fluorine or FL()X

operations are most favorable when winds are strong and variable in

direction and the lower atmosphere is unstable, that is, when _XT has a

large negative value. As an exanlple of the use of the WINI) equation,

if St=10000 pounds of 30-percent FL{)X that flashes from a spill in

5 minutes, AT=--0.126 ° F, ,_0=10 °, an{t x=3000 meters (_1.864

miles), the pollutant eoneentPation is

"_-_[-(0:331000 000) ] [0.00211(3000)1,9B] [10 °'"°6] [(9.874)"88]

= 2.05 × 10 '_lb/eu m

But the air density is 0.0765 pound per cubic foot or 2.705 pound pep

cubic meter at standard telnperature and pressure, so that

p_.= 20.5 × 10 '_lb/eu m × 10 _= 7.6 ppm (by weight)
2.705 lb/eu m

Concentration downwind is approximately inversely pPoportional to tile

square of the distance (note the exponent -1.96 in the equation) from

the release point. The lateral extent of the cloud is not i)redicted. The

pollutant concentration P,. is nearly inversely proportional to the square

root of ,r0. (Note the exponent -0.506 in the equation; _rOis measured

every second and is smoothed over 15-see intervals.} The preceding

analysis is valid only for a cold spill of fluorine or FL(IX, as the WIND

system is based on horizontal gas travel only.

In cold-spill studies (ref. 3) effects froln wind and slope heating

appeared to enhance diffusion rates by a factor of 10 over predicted

rates. The effects from wind and strong _unlight in a facility situated

in rolling or hilly terrain would probably produce siniilar effects. There-
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FIGURE5 4.--Reaction of fluorine with atmospheric mmsture to form hydrogen
fluoride (data from ref. 3).

fore, the conservative value normally ohtained from this equation may

be in part a result of the energy input from solar heating and similar
factors of weather.

In almost any facility location, there will be sufficient moisture

present as water vapor to react with a cold release of elemental fluorine

and produce a reaction cloud of hydrogen fluoride. Tests described in

reference 3, for instance, were conducted at an inland facility located

north of San Diego, in a climate which can be classified as arid and

semi-desert. The water present for fluorine reaction on the driest day

was about 20 grams of moisture per pound of dry air. With a test cloud
of 27 × 10 _ cubic feet after 14 seconds, about 5000 pounds of water (far
in excess of stoichiometric) were thus available for reaction with the

1000 pounds (maximum) of fluorine in the reaction cloud (ref. 3). This

atmospheric hydrolysis is a particularly important consideration in

defining the possible effects from a cold spill or release of fluorine or

FLOX, since the reaction product, hydrogen fluoride, is both lighter than
air and less toxic than elemental fluorine. In effect this would raise

the permissible part:s-per-million pollution level, enlarge the exclusion

area boundary, or make possible a smaller exclusion area around the

operations area. The expected rate of hydrolysis of fluorine release

is shown in figure 5-4, based on data from reference 3.

HOT SPILLS: Sutton (ref. 6) (teveloped a seri(,s of equations that can

be applied to hot spills or releases of fluorine or FI,()X. Equation (2a)

relates the height of hot-gas-cloud rise to the reaction energy release

and the temperature lapse rate in the atmosphere for a heating period of

approxiinately 15 seconds:
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where

H

m

n

P
Q

Cp

p

c

['2(3m + ?p) Q"]_"=L J (2a)

maximum height of cloud rise
2--n

air stability parameter (see table 5-I)
1

heat release, g-cal

specific heat at constant pressure of cloud gases

air density (1225 g/cu m at standard temperature, 59 ° F, and

pressure 14.7 psia)

generalized coefficient of diffusion, function of elevation above

ground and air stability (table 5-I)

TABLE 5-I.--VnLuES OF STABILITY FACTOR AND SUTTON_S GENERALIZED DIFFUSION

COEFFICIENT FOR VARIOUS TEMPERATURE LAPSE RATES

Air stability factor, Lapse rate,

n C°/100 m

0.15 --0.9

.17 --0.8
.20 --0.5
.23 0.0
.26 0.5
.30 1.0
.35 1.5

.40 2.0

.50 3.0

.60 4.0

Generalized
diffusion coefficient,

C

0.60

.59
585
.57
.55
.525
.48
.42
.30
.18

For the

where

0

graphical solution of a, a pseudo-adiabatic diagram is used:

O- Oo
a- (C°/m)

pz

potential temperature at height z of air reduced adiabatically to

pressure of height z = 0

0o potential temperature at height where z = 0

z arbitrary height

For the mathematical determination of a, the following equation is used:

To[dt . \
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where

To

T

dt/dz
k

at)solute ambient temperature at ground level or reference

height

absolute ambient temperature at arbitrary height z

m:_asured lapse rate, C°/m

dry adiabatic lapse rate, 0.0099 C°/qn

Equation (2hi can be used to determine the maximum ground-level pol-

lution x ....... as -t function of cloud height and atmospheric stability
linstantaneous point source) to be expected from the hot release if

ground reflection I of the pollutant is assumed:

2,g

/
pollutant concentration at. ground levct _conversion to ppm by

weight of dry air is ohtained by multiplying ,_ by

g/'cu m pollutant )
i225 g/eum dry air × 10r'= 816

/

S source st rength, gra ms

H height of point source, in

Equation (2et can be used to determine the distance downwind at which

maxinmm pollution concentration will be experienced:

where

dx ......

2H-' y/(" _)
dx........= \ 3_1

(2e)

distance from instantaneous point source to point of maximum

ground-level pollution, m

n air stability parameter (see tahle 5-I)

H height of point source, m

C _ vertical diffusion coefficient (see fig. 5-5)

A lilnitation in the use of the equations results from the uncertainties

involved in predicting combustion efficiencies and attendant heat re-

lease. However, since the height of cloud rise is proportional to some

value between the quartie and the cubic roots of the heat release Q, the

situation is not as serious as it might seem on first consideration.

Two examples are given here for illustration of the use of hot-spill

equations (see eqs. 12)). In Example I, a spill of 10000 pounds of

-- I If no refiT-orion is assumed (pollutant reacting with ground surf_l(_,), tho factor 2S is reolaeed by S.
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FmURE 5-5.--Vertical diffusion co(,ffi(dent for hot-sl)ill diffusion-analysis equation

from equation (26) (ref. 6).

30-percent FLOX (tile same quantity used in tile col(t-spill discussion)

on RP-1 fuel is considered, and in Example II, a similar spill on charcoal

is discussed. In each case a combustion efficiency of 50 percent was

assumed, and tile following representative values were selected for

variables in the equations:

Air stability parameter, n .................................. 0.20

Vertical diffusion coefficient, C* ............................. 0.585

Lapse rate, k, °C/100 In .................................... -0.5

Constant, p .............................................. 1

Air density at standard teml)erature and t)ressure, O, g� cum .... 1255

Wind speed, knots ......................................... 7.5
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In an actual evaluation, the meteorological constants wouhl be deter-

mined from weather data for the site being evaluated.

In Example I (nominal oxidant-fuel ratio, 2.4), w[lic[l might result
from a vehich, fallback and rut)ture on the launc]l t)._d, the heat release

Q would t)(, "d)out 1.159× 10'" calories (al)proxiln'm'ly) anti the specific

heat at constant pressure would be 0.25, where Q is lb, sensible heat

remaining after the reaction has gone to COml)h'tion, :ill the cryogenic

fluid has been vat)orized, and the reaction products t oral) have been

raised to 15 ° (;. To determine the height of reaction-cloud rise, substi-
tution is first made into equation (2at"

213(1.8)+211.16×1@ o 1 t, '"<:+'__'
2

tt= (91 (0.25i (i225)-(3.14)':'(0 585)<'+, j (3a)

By iteration solve for a with an assmned tf of 600 meters: 2

retie +k
a = T \ dz ,]

288.16 °K (31))
( - 0.005 + 0.0099t

285.16 °K

= 1.012 (0.0049) = 0.00495 °('/m

Applying this value for o in equation 13a) gives

H _- 518 meters ( __ 1700 ft) "-' (3c)

This height of clou(l rise can now be applie(t in e(luation (2b to deter-

mine the maximum t)ollution level X,,,,.,'expecteit from the hot spill. The

source strength S (which is 1.38Sx 10+ig) used for tim RP-1 prot)ellant

example includes the unreacted fluorine and the hy,h'ogen fluoride per

t ion of the reaction pro(tuets, sine(: these are the only toxic l)ollutants:

2S

x.....-[2 V'+
\ ye U H."

2(1.388 × 10_')

(2.718t (3.14161 (518) :_

= 1.474 × 10 :+g/cu m

1.474 × 10 :_
......... ×10" 1.2pl)m

1.225 × 10 :_

The equation for the height of reaction-cloud rise (eq. I2c)l may now be

applied to det(,rmine the distance from the r(,lcas(, I)i)int :it which the

2 If the _alue s+,h'eted h)r ll (e.g., 600 Ill) in dethling a valu(, I'(_r . diff.rs gr'('atly from the final 11

determination, (,glJlltatPd tl ii+,,_v fl value to (t(_t(,l-tllill(, a thaw fl, _llN1 t'v_,qt_ th,_ cal(!ulation process

until tile selt_h.d II and (,.mlmt(,d II are salisfa(.t()rily (dose _alues,
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maxinmm ground pollution level X...... will occur (wind velocity, 7.5

knots):

( 2HZ _ 1/('' ")
dxmox= \51 (5a)

[2 (2.72 X 105)T/1"
-L 3_0.193_ j (Sb)

6200 m (5e)

(The values for the diffusion coefficient C _ are given in fig. 5-5.)

In Example II (50 percent reaction efficiency assumed), the heat
release Q would be about 6.36× 10_ calories. (No effects of reaction

between the unreacted fluorine and atmospheric water vapor are in-

eluded. Additional reaction has been observed in FL()X spill tests

(ref. 3) as providing significant heat to the reaction cloud.) Equa-

tion (2a) then becomes

H= I(9) 2 [3(1.8) +21 (6.36 x 10") \1/(_.2.,,(0*25) (122_(_ 1.5 (0.585):'a J (6a)

By iteration, solve for a by assuming a ground-level ambient tempera-
ture To of 15 ° C, a height of 500 inetcrs, and a lapse rate of -0.05:

To[dr +k)

288.16 (6b)
- 285.66 ( - 0.005 + 0.0099)

= 0.004943 °C/m

Substituting this value for a in equation (6a) gives

H--443 m( = 1455 ft) (6e)

Applying the height of cloud rise to equation (2b) gives the lnaximunl

pollution level. The source strength in this ease will be the remaining

50 percent of unreaeted fluorine (or 6.82 x 10_ g), since the carbon reac-

tion products are nontoxic. This reduced source strength explains the

low ppm (x,,_x) from this reaction.

2S

2 (6.82 × 10 _)

(2718) (3.1416) (443) _ (7)

13.64 × 10 _
- 13.55(443)._ -1.16× 10 -3 g/cu m

1.16 × 10 a
x 10_= 0.94 ppm (by weight)

- 1.225 × 10 _
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Apt)lying the sanle height of cloud rise to deterndne the distance at

which maximun_ pollution will occur (for an a._sun,_d wind velocity of
7.5 knots) gives

dx .......=

_ 2(1.975 × 10:'I 1/'-_ I (81)

310'17)_ J__ 5000 m

5.2.4._ Ecolo_jical effects from laur_ch operat/o_.,'.---A study was per-

forme(t in 1964 to define the risk to areas surroun,ling Cape Kennedy

from operations with Atlas vehicle_ using FL()X as the oxidizer (ref. 7).
This study was concerned with l)ossible effects from worst-case fuorine

releases on surrounding agriculture, orchards, tishing, and wildlife and
was based on a fluorine release of 8748 to 64 140 pounds over a 1-year

t)eriod in the area of three Eastern Test Range latm('h COml)lexes. Dis-

tances to areas of potential hazard used were :is follows:

il) To ad.iacent launch complexes, 1500 to 2000 feel

(2 _ To in,lust rial area, 10 000 feet

(31 To the river, 14 000 feet

(4 ! To Port ('anaveral, 29 000 feet

15) To East Merritt Island (orange groves I, ;'l;:J0(1() feet

('61 To CentralMerritt Island l orangegrovesl,4(;000feet

The indications (ref. 7) are that the l)robahility ,f maxinlunl failure
mode occurrence is sm'dl, since low level (Atl'isl abort failures have

ocCtll'red only rarely. The anticil)ated airborne release would then con-

stitute a vertical line source in a normal launch, or (in event of a faiturel

most t>rol)ably an elevated volume source in the spill or abort etise.

Conclusions from the study consi<lering worst-(.as_+ failures were that

some effects on ecology are possible, but this effect wouhl probably be
restricted to vegetation and marine life in tile immedi'm_ area of the

launch site. Ae('ordingtot)reviousstudies at the AFETR (ref. 7!, toxic
contaminants in soil, vegetation, and water more than 1000 feet from a
launch site were not lneasurable.

These cont'lusions are confirmed by some fieht tests. Examination of

areas where fluorides would concentr:tte, following tw. FL()X test. pro-
grtmls (ref. 3), reveah,d that the increase in fluoride content in soil and

water samples was negligible.

The t)robat)ility t]rtt FL()X operations at (?ape Kennedy would cause

fluorosis in cattle, which are highly susceptit)le, on the mainhmd is con-

sidered negligible (ref. 7), "is is possible damage to citrus groves.

Chronic effects or "tccumulation of fluorides in l)lants and 'mimals around

the launch area is unlikely considering tilt, instantaneous nature of
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pollutant sources and time duration between launch operations. The

amount of fluorine released in launch operations would be small on a

time-integrated basis when compared with the release from commercial

sources (superphosphates, phmts, etc. l of thousands of pounds of

fluorides daily. However, to assure safety to marine life in suw'ounding
waters, reference 7 recommends treatment of all waste water effluent

from launch operations to reduce the fluoride content to less than 11

parts per million with a pH of 6.0 to S.0.

5.2.5 Miscellaneous Considerations in Facility Design

5.2.5.1 Storaqe ta_l_ placement.--Within the limits of practicality, the

fluorine or FLOX storage tank should be isolated from the rest. of the

facility. Generally, this would be accomplished by distance, in combina-

tion with the use of shielding earthwork, concrete bunkers, or revet-
ments, etc. The storage-tank location should be selected for reasonable

safety from other occurrences le.g., vehicle fallback, windblown debris,

etc.) that are credible for the particular facility.

5.2.5.'2 Water s!¢stems.--Requirements for emergency personnel water

deluge facilities are discussed in chapter 9. (Ither areas for considera-

tion in designing the facility water and drainage systems include the

following:

(1) A fire-control system that includes fire hoses spotted throughout

the facility should be provided for control of secondary fires !water

would not have any appreciable quenching effect on fires involving

fluorine during reaction), or for protection of critical equipment in
proximity t.o a potential source of burnout in lines or components. Dur-

ing spill tests (ref. 3) with 30-pereent_ FLOX, however, no significant

fire damage occurred to the facility, because the time duration of high

temperature was short. Fire equipment could also be used for washing

hardware and equipment periodically to remove residual hydrofluoric
acid and other fluorides from equipment surfaces. Fire systems should

also include quenching systems for use when charcoal reactants which

are open to the atmosphere are used (to extinguish air-fed fires in the
charcoal).

(2) If a system of fog nozzles for spill control, which involves the

use of a ring of fog nozzles around storage tank faeilit.ies, is used,

consideration must be given to its usage in the overall water and drain-

age design. It. is required that water be supplied in excess of stoichio-

metric quantities at a rate equal to the release of oxidant vapor. For

FLOX systems, the use of fog nozzles to obtain a hot hydrogen fluoride

reaction product is impractical, since texts at Lewis and Rocketdyne

have indicated (section 3.4) that., with the lower percentage FLOX
mixtures, a marked inhibition to the reaction of FL()X with water exists

(refer to section 5.2.3.3 for further discussion).
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Alarm and/or

sh utoff valve

F_c,(:_ 5-6.--Schematic drawing of burglar-_darm system.

s._.5.3 Electrical systems.--Insulating materials around electrical wir-

ing react readily with fluorine. Therefore, parti('ular attention should

he given to making all electrical wiring in the fluorine or FLeX facility

safe from exposure to fluorine or fluorine-oxy_,'n. Explosion-l)roof

fixtures that have been made val)or-tight or at'(' f)urgrd with inert gas

are preferable for use throughout the installation. All control-system

wiring should lie run through sealed conduit, with connection points (to

instruments, through walls, etc.) made in a gas-tight manner. If exposure

to fluorine or FLeX atmost)here is slight, or of low concentration, wire

sealed in polytetrafluorocthytcne shetithing ix a,.(,(,ptable (refer to

section 3.3). All entrance points into equil)nlent, through walls, etc.,

should be hern_ctically scaled. Motors an(t soh,noids should be of the
enclosed type to prevent exposure of windin}zs Iv fluorine or FLeX

vapors.
A useful tmtomatic failure detection and system shutdown device for

application in fluorine or FIA-)X systems is the "l)ur_lar alarm." In this

system trig. 5-6), the sensing wire is wrat)pe,.l around the area where
burnou_ could occur, and a circuit is establish(,d throufzh the wire. Any

significant fluorine or FLeX leak would th,,n t)urn through the sensing
wire and interrupt the circuit. The sensing wire ,an 5(' made relatively

resistant to minor leaks of low concentration FI,()X by using a t)oly -

tetrafluoroethylene dielectric coating on tile wire. This type of circuit

can be used to shut down tile system Ol)eration and prevent further

fluorine-FLeX flow through the area of burnout and�or to actuate a

warning alarm. The burghu'-ahmn circuit wa- used during tile Lewis

eomp:_tibility studies and in recent te,_t operations to achieve rapid

system shut(town on faihn'e of the sample under test.

5.2.5.4 Str_,ctures and buildings.--Buildings cont_dning fluorine or

FLeX systems should be constructed of a fireproof material, such as

aluminum, structural steel, etc., to keel) damaitc to a minimum in the
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event of fluorine gas release. No wood, roofing paper, or similar air-
combustible materials should be used. Appropriate ventilation should

be provided for elosed buildings; if the climate permits, open-type con-

struetion is preferred to eliminate the necessity for forced ventilation.

5.2.5.5 Blockhouse requirements.--The principal requirement is that

the blockhouse should be sealed so that a slight positive pressure ean be

maintained inside during operations. The air-conditioning system should

be provided with positiw, seals to prevent intake of fluorine-contami-

nated air. The huihting should have a self-contained air supply that

can meet requirements of a full complement of control-room personnel

for at least 2 hours. In addition, each of the blockhouse personnel should

be provided with a portable air supply to enable control-room evacuation.
Devices to detect fuorine contamination of the test or launch-stand

area shouht provide remote indication inside the blockhouse (refer to

section 5.2.5.6). As a mininmm, there simuld be detectors (1 t downwind

from the launch or test site, (2) outside the entrance to the blockhouse,

and (3) in at least two other areas of probable exposure _in event of
area contamination).

5.2.5._ Atmospheric pollution detection.--A number of different teeh-

niques have been developed that can be applied to detection of trace

quantities of fluorine or hydrogen fluoride. Most methods rely on
detection of the fluoride ion or some species that has been oxidized by

fluorine. These methods have been more suitable for qualitative than

for quantitative measurement. Early instruments (deteetorsl proved

to be subjeet to interference due to their sensitivity to other ions.

Devices currently on the market have not accumulated sufficient operat-

ing time for complete evaluation. However, the various techniques

available for detection of fluorine and hydrogen fluoride were surveyed

prior to a recent series of spill tests with 30-percent FLOX, to select

some methods that showed tile most promise for field instruments.

Four deteetor types were used in the spill test program for pollution

detection :

(1) The eleetrometrie detector is an eleetroehemieal instrument oiler -

ating on the oxidation-re,'tuetion principle. The sample is drawn through

a sensing tube containing lithium chloride and produces an output cur-

rent that is linearly proportional to the amount of fuorine sensed

(ref. 3). The instrument used in these tests (developed by General

Dynamics/Convair) is hand portable and has a self-contained power

supply. Tile instrument is selective in detecting fuorine, is equipped

with a recorder to measure instantaneous dosage, and provides a record

from which the total integrated dosage can be determined. Good results
obtained under actual field use indicate that this detector has consider-

able potential as a l_rimary field instrument.
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(2) The chemical detector, which was u,wd in .Ndll tc,sts iref. 3), em-
ploys a pump to draw a gas sample through all altlll,Oll5 potassiun] iodide

solution. Fluorine in the sample reacts to produce l)olassium fluoride and

free iodine, and tlw hydrogen fluoride goes into ,_olution. After the test

run, the samt)le solution is removed from the it,ylrumcnt and analyzed,
first by titrating with sodium thiosulfate {N3.,S_(t:;i tO determine the

fluorine content, and then by adding potassium io,hm, and retitrating to

determitw the total fluoride (hydrogen fluoride_ content. While this

method does not provide direct readout and does not indicate peak

concentrations, the instrument tested was t)ortable and highly accurate

and was used as a standard against which performance of other instru-

ments was evaluated. This instrument also h.ls a belf-(:ontained power

supply (deveh)ped by General Dynamics/Convair for use in monitoring

FLt)X spills/ and is hand portable.

t31 Radio_.hemieal exchange with clathrate: involves the use of

radioactive krypton 85 trapped in the crystal stru('tur¢' of :,ydroquinone.
On exposure to fluorine, the hydroquinonv oxidiz¢,s to quinone and re-

leases krypton 85 in proportion to the amom_t of fluorine reacted. A

Geiger counter is then used to monitor the count rat_., which is an indica-

tion of the fluorine present. (Use of this method requires an AEC license

for operation and maintenance of the instrument. ! Tlw elathrate instru-

ment used in the spill tests was hand portable and, like the eleetrometrie

instrument, provided a recorder trace to indicate both instantaneous

Ipeak) and integrated dosage. Early models of this instrument were

humidity-sensitive, though this disadvantage was reportedly being cor-

rected in later models. Indications in the spill tests (ref. 3) were that

the hydroquinone in the elathrate might become "poisoned" and insen-

sitive through protracted use. Despite the minor t)roblems noted, which

can be corrected by periodic maintenance, ibis instrument showed

definite prou]ise and has the advantage of bein_ a ¢.ommereially avail-

able, ttuorine-selective detector that can bc app]ie(t immediately to

pollution monitoring.

Similar instruments can also be developed by using the principle of

radioehemical ex('hange with kryl)t(mates. Kryt,tonates are combina-

tions of krypton 85 and almost any solid material that can absorb

krypton. They are formed by ion bonfl)ardm_'nt ()r by diffusion of

krypton gas into the solid under conditions of high telnperature and

pressure. Kryptonates may be used to det('('_ fluorine in the same

manner as clathrates, but have not yet, been dev(,h)p(,d for fluorine use.

(41 The conductometric instrmnent, also used in ttw FLOX spill tests

(ref. 3), measures the change in conductivity of de-ionized water after

a gas samI)le has been passed through it. The ('han_(' in conductivity is

a measure of the total integrate(t (fluorine plus }kvdrog('n fluoridei con-
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tent of the sanll)le. The method is sensitive to the presence of any

ionizing agent in the sample (e.g., sulfur dioxide in smoke.) and seems

more suitable for laboratory use than for field use. The instrument does

have the advantage of producing a signal that can be used for indications

of both peak and integrated dosages.
5.2.5.7 FLOX concentration measuremeT_t.--The use of FLOX as the

oxidizer requires preinixing of a proper ratio of liquid fluorine and

liquid oxygen. To maintain the desired FL()X concentration, the con-

centration nmst be measured and monitored. An instrument is being
developed that is suitable for in-line installation to monitor FL()X

concentrations (luring flow conditions _inforlnation received in a priw_te

communication from G. Carmichael of General Dynanlies/Convair,

July 1965'). A breadl)oard version of the instrument, which is based on

the principle of light absorption, has been used successfully through

several flow cycles with 30-percent FL()X. The FLOX concentration

monitor measures both the fluorine and oxygen eolnponents of FLOX

and is equipped with a selected light source, colnparator device, receiver,
and a test cell (flow line insert) that inehldes two sapphire windows to

transmit light through the FLOX stream being monitored. The light

source alternately provides a beam of light through the sapphire windows

and to the eolnparator. The measured difference in light, absorption is

an index of the fluorine (oxygen) present. By using a herInetieally

sealed instrument container and wiring channels, it seems feasible that

this instrunlent could be adapted for use as a fluorine concentration

monitor mounted inside a FLOX storage or vehicle tank.

5.2.6 Associated Systems

5.2.6.1 Pressurization gas sgstems.--Among the major considerations

in the design of the fluorine or FLOX facility is tile prevention of all

foreseeable systeln contamination. One source of possible contamination

often overlooked is in the gases used for purging the fluorine or FLOX

system, or for providing transfer pressurization. Care Inust be taken to

ensure that the helium or nitrogen used for this purpose is of the highest

purity.

The best way to ensure tile highest purity pressurant gases for use

in fluorine systems is to obtain them in the liquid state and then

vaporize the gas as needed; however, stored gas systems are most widely

used for helium at the present time.

Pressurant and purge gases used for fluorine and FLOX systems

should meet the following minilnum specifications:

(1) Helium should meet AF stock Grade A No. 7500-156410 wetness

requirements.
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(2) Nitrogen should meet Specification MIL-P-27401A that specifies

99.99 percent purity with inclusions not to exceed 50 parts per million
of oxygen 'rod 5 I)arts per million of methane, with a gas dewpoint no

higher than - 90 ° F.

The most undesirable cont, aminant (and most common) that can be

introduced into the fluorine or FLOX system is moisture, since any ice

buildup can result, in an explosive reaction and combustive ignition of

°the container. This is a part.ieular problem during extended purging

through components at cryogenic temperatures {refer to section 4.6.5.1).

Simple pressurization processes (e.g., tank pressurization for fluid
transfer) tend to permit reaction of cont.aminants as they are admitted

rather than permit a buildup {particularly of water as icet to hazardous

levels before a reaction is initiated. Use of helium or nitrogen vaporized

from a liquid source provides gas with a dewl)oint low _nough to prevent

this problem.

52.6.2 Pressurization gas dryers.--Where stored gas systems are used,

pressurant and purge gases must he processed to remove moisture and

hydrocarbon contamination before use in the fluorine or FLOX system;

the gas should have a maximum dewpoint of -100 ° F. The design

specifications for pressurizing gases can he met by using a "molecular

sieve" [ref. 81. Commercially available st:mdard gas drier cartridges

can provide pressurant or purge gas of high purity. In this assembly, a

cartridge filled with Linde Grade 13X (!,/_,_-to !i;-in.-diam pellets) will

remove both moisture and hydroearl)ons. A stan(tard unit contains a

fiber-glass mat backed by a stainless-steel sere_'n to remove particles

up to 3 microns in diameter and contains 5 l)ounds of desiccant (other

sizes are available). The combination is reported to provide dew points

to below -130 ° F [0.1 ppnI) when newly instath_d, and to below

-100 ° F (1.5 l)pn_) after processing 111000 st:tndard cubic feet of

specification helimn.

Dew points of cryogenic fluids in the gaseous phase can be detected by

resonant frequency measuren_ent. This technique (available in a com-
mercial instrument) uses a tuned crystal immersed in the test sample.

Sine(: tile crystaI is extremely hygroscopic, any mois:ure present is taken

up and causes a shift in the resonant frequency; the degree of shift is

an index of tilt, parts per million of moisture present in the sample. This

instrument was sensitive from 0.1 to 25 000 parts per million (by scale
selection) in operations at Lewis. The immersed _'rystal is periodically

removed from contact with the gas saml)le, and while it is being dried

by heating, it is replaced by a duplicate tuned crystal.

Further cooling of the gas to -300 ° F by providing the "molecular

sieve" with a liquid nitrogen bath results in "t further reduction of mois-

ture content of the gas. Care nmst be taken in _he design so that all
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contaminants are trapped and that none can become entrained in the

high-velocity flow of pressurant and be reintroduced into the gas at a
slug.

5.2.6.3 Clean-room requirements.--Sinee scrupulous cleanliness ix a
major requirement in the fluorine system, extreme care nmst be taken to

prevent introduction of contaminants while new eoml)onents are being

installed in the system. Therefore, maximum use should be made of

clean-room facilities to perform subassembly cleaning and assembly

operations. An ultraelean room at the Plum Brook facility consists of

a 30- by 30-foot room that includes airloek windows and doors. A

positive pressure of about 0.25 inch of water is maintained in the room,

with air pumped through a filter.

The room contains a sonic cleaner with water and detergent, baths of

trichloroethylene, acid, acetone, and distilled water. Also included is a

source for dry helium.

All personnel working in the clean room wear rubber gloves and

special lint-free garments. On entering the room, a person uses a special

apparatus to clean the tops and the bottoms of shoes.

A typical cleaning procedure (refer to section 6.2) involves

(1) Complete disassembling of components and immersion of parts in

sonic cleaner; cycling through sonic cleaner for 10 to 15 min-

utes, and allowing parts to air-dry

(2) Bathing parts in triehloroethylene and drying with a stream of
helium

(3) Bathing parts in a 20-percent solution of nitric acid and rinsing
with distilled water

(4) Bathing parts in acetone and drying with helium

(5) Assembling component, and packaging and scaling as appropriate

Requirements for the clean room construction are detailed in reference 9.

5.2.6.4 Passivation unit.--All passivation procedures recommended

herein involve the use of fluorine gas of high purity for system passiva-

tion (refer to section 6.2). For small systems, the standard procedure

is to use bottled fluorine gas supplies. To obtain gas of the required

purity and quantities for large facilities, however, it may be necessary

to use a passivation trailer or in-place system to evaporate gas from a

liquid-fluorine source (inobile storage or facility storage tanks).

While a separate system (trailer or in-place) can be designed for this

purpose, the same result can be achieved by use of a finned-tube heat

exchanger on an outlet line from a liquid-fluorine supply. Mobile stor-

age systems (described in chapter 8) may be modified for this arrange-
ment.
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Chapter 6. Facility Preparation and Operating Procedures

A l)rol)erly designed fluorine or FI,()X facility in a storage configura-

tion !i.e., with the fluorine or FLOX stored in a no-loss vessel) is con-

sidered to be in a fail-safe condition. Before any operations, including

transfer operations, are performe(t, which change the status of the
storage configuration, an evaluation should be made to determine all

possible or credible failure contingencies (refer to chapter 5 for further

discussionl. A review should be made of current and expected weather

conditions to determine whether a worst-case failure during the opera-

tion would be an unaccept,d)le risk {refer to section 5.2.4). Failure-

mode analysis shouhl be made for the lmrtieular ol)eration to be per-

formed to assure that adequate provisions are made for personnel safety
for all credible emergency situations. An operations and failure-mode

analysis shouhl be performed to determine if an unaccel>table risk of

damage to facility equipment exists. Operations should not be started

until an acceptable condition has been determined or I>rovided for.

6._ STANDARD OPERATING PROCEDURES

Specific ol)erat.ing procedures must. be tailored to the t)articular

facility, but there are a number of standard t)ractices that should 1)e

followed in all facilities operating with fluorine or FLOX. (Safety

aspects of facility operation are discussed further in chaI)ter 9.)

6.1.1 Personal Cleanliness

Personal hygiene is particularly imI)ortant in fluorine and FL()X

facilities. Routine use of shower facilities and handwashing before

smoking or eating should become habitual. Eating facilities should

always be located well outside the area of possible contamination.

Tools, protective clothing, and devices should be cleaned after use.

Care should be exercised to ensure neutralization and removal of any

fluoride acid or salt that might be del)osited during system Ol)erations.

Personnel working around FLOX or fluorine systems should treat any

liquid on the skin as though it were hydrofluoric acid or a fluoride, and

rinse it off with water immediately. The external surfaces of the fluorine

or FL()X containment system should l)e kept clean. Standard cleaning

agents suitable to the material may be used on the external surfaces of

fluorine- or FL()X-eontaining systems.

209
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6.1.2 Precautions

Maintenance operations should always be performed under observa-

tion of a remotely located observer, who can lend assislanee if required,

or by personnel working in locations where they can observe each other.

Before any operation ix performed that involves breaking into a con-

tainment or tr,msfcr system, the system lnust be completely depressur-

ized and puroed of all fluorine prior to opening to assure that all toxic

residues have been flushed out of the system. No w(,lding, or other hot

work, shouht be (tone on (or adjacent tel lines or equil)ment containing

fluorine or FIA)X, since this could initiate a reaction.
Contaminated areas (where leaks or spills have ocmlrre(t) should be

entered only by selected and trained personnel. The at)t)roach to any

area of SUSl)ect('d leakage should be made very ctmtiously; before an

approach is made to any fluorine or FLeX vessels, th( • valves must be
closed and the system must be depressurized. Further discussion is

included in section 9.3.1. Before an',, maintenance operation is per-

formed, the system should he rendered safely in('rt, and appropriate

warning signs shoul(t be placed to denote that a maintenance procedure

is being t)erformcd. Where valve positions are criti('al, valves should be
locked in position (open or closedl and should bc tagg('d to indicate the

position.

6.1.3 Valve Operation

In all fluorine or FLeX systems, the principle of remote operation of

all valves shouht t)e use(t as inuch as practicable. All manual valves in

a pressurized fluorine or FLeX system should be operated by linkage

and gear arrangcnnmts that pernlit actuation through a barrier. The
only exception to this general rule perlnits operation or manipulation of

master shutoff or system lock-up valves prior to sy_-wm activation and

after system shutdown. Manipulation of prcssurizc(t fluorine-FLeX

systems for flow-control functions shouht be perform(_d with automatic
valves.

6.1.4 Operator Limitation

Only trained :rod authorized personnel should be permitted to operate

any equipment in the fluorine or FL()X facility, including handling

equipment such as mobile-storage and passivating equipment. Opera-
tions should never be carried out by individuals working alone. Op-

erating personnel si_ould be assigned individual specific responsibilities

rather than general responsibilities.
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6.1.5 Checklist Operations

A checklist for standard operating procedures should be set up at

each facility to define exact step-by-step operations to be perfornlcd

in all routine facility operations. These procedures must then be

rigidly followed.

6.1.6 Training

Training courses in fluorine facility operations should be provided

to ensure that all facility personnel are thoroughly familiar with the

equipment of the facility and the proper procedures for operations.

Whenever it is possible, liquid oxygen or liquid nitrogen should be used

as the test fluid for preliminary tests, checkout, and training (refer to

section 9.1 for a discussion of personnel training).

6.1.7 Alarm Systems

Alarm systems must be tested periodically to ensure that they are

operational.

6.1.8 Equipment Marking

All equipment used to handle fluorine or FLOX should be identified
with distinctive colors and markings.

6.1.9 System Inspection

Equipment of the system should be inspected on a scheduled basis to

assure that the system is operational. All flange nuts and line connec-

tions must be tightened to appropriate torque values. This procedure is

particularly important for those installations where the system under-

goes cryogenic cycling {refer to section 4.3.2).

An effort must be made to isolate and repair all leaks in the systenl

before fluorine or FLOX is admitted. When a system contains fluorine,

leakage can be easily detected by smell and located by chemical detec-

tors. Leaks, under these conditions, can be precisely located by using

squirt bottles or swabs of ammonium hydroxide solution. The chemical

smoke produced by the spray or swab in the presence of fluorine or

FLOX is easily visible. This method should always be used with

caution, particularly when the system is pressurized above 35 to 50

pounds per square inch gage. (Fluorine leak-test pressures should not

be higher than required to detect the leak.)
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When the system is empty of fluorine or FI,( IX, the common methods
of leak detection (e.g., soap bubble solutions in ,.ombination with a

pressurized system and/or heliunl leak detectors mass spectrometers)

can he used to test for high-pressure leaks. Flange _'mmections can be

sealed with masking tape, and a pinhole made in the tape; this pinhole

can then he hut)ble-tested with a so'tp solution to detect a leak. The

tape can be h'ft in place to function as a leak detector during system

operation. Any fluorine or FL()X leak wouhl In.corm, evident if the

masking tape bec'mle charred.
Another method of h, ak detection for fluorine- or FIA)X-filled sys-

tems is the use of chemical indicator lmpers. [h_tassium iodide Ior

potassium iodide starch) impregnated lmper, for inslallCe, is normally
white, hut turns brown to black in the presc,nov of tluoYine gas. Fluorine

detector and "sniffer" methods for le'tk deteelion aiR' discussed in sec-

tion 5.2.5.6.

6..'2 CLEANING AND PASSIVATION

Experience in handling fluorine and FLeX has -hewn that most

system failures that resulted in burnout eouht be traced to bolne form
of contamination. Thus, it cannot be overemphasized that after a safe

fluorine system has been designed strict cleanlim,ss i, required during

all assembly and maintenance operations to a.ssur,' safe operation.

Achieving and maintaining system cleanliness inv,,Ires development of,

and adherence to. proper standards and procedures for cleaning, passiva-

tion and assembly of components, passivation of the, system, and main-

taining the integrity of the resultant fluorine-compatil_h' system to avoid
recontamination.

Passivation of components and component parts by fluorination of

the system is an integral part of the cleaning p:'oeess, hut it is always

performed after the part, component, or system has been thoroughly

cleaned, purged, and dried by other means. The main value of passiva-

tion is the inerting, by reaction and complete tluorination, of any

residual contaminants after normal cleaning procedures. The Jormation

o.i a resultant flnoride film is beneficial in retardin(j ]_.rther base-mate-

Hal reaction u'ith fluorine, but this reaction i,s secondartl to the cleanintt

function i_lvolved i_ passivation.

Where it is possible, clean-room facilities shuuhl be used during

cleaning and 'tSSelnbly procedures for component parts, components, and

small subsystems. The following paragraphs pl,'sent s(ml(' general clean-

ing and passivation precautions, methods, and proee&m's for a fluorine

or FLOX facility. The phih)sophy involved in these procedures has

evolved from NASA and industrial experience with fluorine systems.
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6.2A Elastomeric Materials Cleaning Procedure

When the fluorine o1" FI,()X system includes t)olynwrs (nornmlly in

tile form of gaskets, valve-sten_ packing, etc.), they should be cleaned

before installation into the related components or subsystem. Elasto-

meric materials tend to absorb some cleaning agents in exposed surfaces

during any protracted immersion or exposure. The absorbed solvents

can then become system contaminants and possible ignition sources when

exposed to fluorine or FL()X. When it becomes necessary to flush an

assembled system with a (.leaning solvent, l)articular care nmst be given

to system evacuation or l)urging following cleaning to ensure removal

of the soh'ent fronl crevices, pockets, and the surfac(, of elastomers in

the system.

All visible surface imt)urities must I)e renloved. Soft brushes or

clean lint-free cloths may be used with the 1)roper solvent (table 6-I).

Acetone .............

TABLE 6-I.--CLgAN tX(_ SOLVENTS ( REF. 5)

Solv(,nt or Cleaner _ Mat(,rial

Trichloro(_thylene .... All m[,tals
Halon TFE

Teflon TFE

Teflon I:EP

Nickel-filled Teflon

Rulon A

K_q-F-81

Plaskon 2000 series

Halon TVS

Methanol ............ Ko1-F-82

a Soap and walm' ar_, lm,ferrod f(.' all matvrials listed since

elaslollltq'_ absorb ,_olvt,llts. "_l.']lfql solvents are lined, thoy

nmst be complet.ly removed aft[,r cleaning is comph4e.

Extreme care shouht be taken to prevent scratching or otherwise marring

surfaces of nomnetallie or elastomeric materials that will come in con-

tact with fluorine or FL()X. The l)art or coml)onent should also be

washed or flushed, as re(tuired, with the apl)rot)riate solvent (tabh_ 6-I).

The solvent should either be discarded or redistilled after use.

A stream of dry oil-free nitrogen (refer to section 5.2.6.11 or dry

filtere(1 air should he used to dry thoroughly all soh'cnt from the part or

component. Unless the part or COml)onent is to be assembled into a

subassembly or into the system inlme(tiately, it should be packaged in

a (:lean polyethylene bag and s('ale(t to prevent contamination. The

final cleaning step tas in the case of metal parts of systenls) is exposure
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to fluorine or FIA)X ill system passivation, its (t(_scvibe(t in section 6.2.4

or 6.2.5. A "t)assivation elmml)er" may be used (o f)rel)assivate non-

metals with fluorine gas at low pressure (am})ient to 25 l)sig!.

6.2.2 Cleaning Procedures for Metallic Components

Tile general l)recautions and procedures in('luded ill section 6.2.6

should be observed during cleaning operations. '['h,' following procedure

is recommend_,d for use in cleaning and t)i('kling ('nml)onents and parts

of a system prior to assembly operations:

(1) The components should be disassemble(l as much as possible. The

seals, etc., that are incomt)atible with cleaning solvents nmst be removed.

(2) Those com])onents that show any tra(!_s ()f s('ale, weld slag, shop

dirt and soils, ehii)._ , grease or other obvious h)r,ign matter, should be

cleaned by an apt)ropriate cleaning techni(tu('. This te('hnique may
involve abrasives, chemical solvents (nitric acid or hot caustic), or soap

and water. The end result of this of)eration mu_t leave the comt/onent

with the bright surfa('e of the 1)ase metal and with no visible contami-

nation. This operation should be followed })3" a thorough water rinse

and then drying to remove all free water.

(3_ Those components that show reasonably ('h'an surfaces (e.g., only

traces of oxide fihn), can have the surfa('e film rol,mv('d by being dipped

in a bath of 10- to 25-percent nitric a('id (use shm't exposure times for

copper 'rod })rass). This operation should be folh_wed 1)y a thorough

water rinse and then drying to remove till free water.

[4_ When it is l)ossible, parts may be vapor [l,'groase(t. Solvent bath

degreasmg and hand wiping may also be use(], del_,'n_ting on the avail-

able cleaning equilmlent, the size. shat)e, and mat,,rial of the part, etc.

When h'md-wil)ing is required, it should he followed by an immersion of

the comI)onent in solvent to ensure thorough fhlshing of the surface.

Clean solvents shoul(I always be used.

Where itoms such as volutes, valves, and manifolds ('ontam ports and

holes, each hole or f)ort should be thoroughly tlushed with solvent

(triehloroethylene or trichlorotrifluoroethane) during cleaning. Special

vat)or-(tegrt'as,'r-nozzle or tubing configurations should t)e utilized as

necessary to assure cleaning of holes or ports in ('oml)lex configurations.

15) Coml)onents should be drie(l twith (try nitrogen or helium) and

either used or packaged after cleaning. ('oml/onents that have surfaces

which tire difficult to insi)ect visually lnay also })e heated _150 ° to

250 ° F in a vacuunl oven if necessary, (lel)en, ting on the materials

t)resent_ during the drying process to aid in liquid removal.

(6) For surfaces that are I)articularly hard to clean, tile eoml)onent

or t)art may be immersed in an acid pickling solution to react any
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residual ilnpurities. The main value of acid pickling is removal of oxide

coating, scale, or embedded impurities. This step nlay he omitted if it

is not required for the particular part or component.

(71) As a final step in cleaning (particularly for systems that cannot

be flushed with cleaning solvents), individual parts may be passivated
with fluorine to assure cleanliness and to form metal fluoride fihns.

Final passivation should he completed after system or suhsysteln

assembly by using the applicable procedure given in section 6.2.4 or
6.2.5.

6.2.3 System Cleaning Procedure

In rocket systems test operations at Lewis, it has become standard

practice to clean assembled systems prior to initial operations. This

cleaning procedure normally consists of a trichloroethylene (or tri-

chlorotrifluoroethanel flush, followed hy system evacuation, if the sys-
tem can withstand evacuation, or by purging to remove all traces of tile

solvent. Evacuation is an extra procedural step sonletimes taken for

added assurance of solvent removal. Particular care must he taken to

exclude air, since chlorinated hydrocarbon solvents hydrolyze readily

with atmospheric moisture to fornl hydrochloric acid, which, in turn,

will corrode system co,nponents. When system cleaning is performed,

care must tie taken to prevent prolonged exposure of polymers (gaskets,

cte.) to the solvent, and to selection of a solvent compatible with system

materials. In general, system cleaning should be carried out. to the

level specified in reference 1 or 2.

If the design of the system or subsystem does not permit complete

removal of solvent by purging after the preceding operation, the follow-

ing procedure is performed :

(1) Ensure that all parts and eonlponents are scrupulously cleaned

prior to assembly into the system and that installation is 1)erformed

under conditions of carefully controlled cleanliness in accordance with

the general procedures outlined in section 6.2.2.

t2) Omit flushing the system with solvent, and instead passivate the

system. For the final cleaning operation, the system should be passi-

vated as outlined in section 6.2.4 or 6.2.5, as applicable.

6.2.4 Passivating Systems That Can Tolerate Vacuums

The main advantage of using evacuation during passivation is that it

requires lesser amounts of high-purity purge gases, which must be proc-

essed for extremely low (-100 ° F or better) dew points (refer to sec-

tion 5.2.6.2).
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(1 i Tile system should be evaeuated. Then th, v'teuum is broken by

introducing dry nitrogen to scavenge any residual moisture after which

tile evacuation process is repe'tted.

_2) "File vacuum is tlroken by slowly admitting pure fluorine gas,

FL()X, or fluorine-helium mixtures into the syst('m until a slight posi-

tive pressure is reached. The t)ressure is heht eonslant a few minutes to

allow any re:t('tion to occur slowly. Fluorine fl(/w into the system should

be continued, stOt)l)ing at l)ressur( ' inercments to :dl()w gradual reaction

of any cont'mlinants, until the t)ressure incr('as(',- t() system operating

pressure, or 5() l)OUn(ts per S(luare inch gag{'. Tiff.- l)r('ssure should be

held for a minimum of 30 minutes at room teml_eratm'(' (longer at. low

teml/('rature m' if (h'sire([).

(31 After shutdown, the system should b(, h4t witlt a slight positive

pressure of fluo_'ine, FL(IX, or helium to ensure "igainst inward pressure

leak in ease of h)ss of the zero-leak e'tlmbility of the system.

6.2.5 Passivating Systems That Will Not Tolerate Evacuation

{1} The syst(,m should be f)urged thoroughly with dry nitrogen or

helium (dew point equal to or less than -100 :' t:: -_wtion 5.2.6.2) until

it is free of traces of moisture or solvent vapors.

(2) (;radually, gaseous fluorine shouhl be admitted into the system

until most of the nitrogen has been displaced. The vent :houhl be closed

and the fluorine pressure increased in increnwnts, holding at each incre-

ment to l)ernfit any reaction to oeeur sh)wly, until the system operating

pressur(, or 50 pounds per s(tuarc inch gage is reached. This pressure

shouht t)e held for a minimum of 30 minut_:'s at morn temperature

(longer at lowrr temperatures, or if desire(l}.

(3) The system should be left with a slight positive pressure (fluorine

or helium "ts _lesiredi to prevent inward air leak and contamination from

entraine,l dust and moisture.

_.:_.(i General Precautions and Procedures for Use

with Cleaning Procedures

(;e_eral proces,_b_g.--Processing of eoml)onents sho _ht be continuous

through cleaning, acid lliekling and/or passivation, and packaging or

assembly. Should an interruption occur in the, I_r(wessing of the com-

ponent, the interrupted process should be repeate, l I_,fore the remaining

operations are COml)leted. (Jomponents that have been dye-penetrant

inspected must 1)e reeleaned to assure removal of all dye penetrant

before exposure to fluorine.
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Packaging components.--All parts should be packaged in a manner

that will prevent physical damage or contamination. If at any time

prior to their assembly into the system this package is opened for inspec-
tion or testing, the component should be rechecked to ensure that it

continues to meet cleanliness requirements before it is repackaged or
installed.

Use o/ clean rooms.--Whenever it is feasible, operations involving

component disassembly and rebuilding should be performed in clean

rooms (section 5.2.6.3). Where conditions do not permit use of a clean
room for maintenance operations, particular care should be taken to
assure cleanliness.

Postcleaning inspectio_.--After cleaning and pickling operations, de-
tail parts should be inspected for any residual moisture, rust, scale, dirt,

chips, oil, grease, or any other foreign material prior to packaging o1'

assembly. The presence of any such deposits would require recleaning

of the part or component. When discolorations due to welding or passi-
vation do not display signs of foreign substances, further cleaning is not

necessary.

6.3 FLUORINE IMPURITIES

While liquid fluorine delivered froin the manufacturer would normally

he in a high state of purity, hydrogen fluoride and other contaminants

could accumulate in storage and transport systems in the course of

handling. Thus, samples should be taken periodically from fluorine or

FLOX storage to assure purity or to define the degree of contamination.

The usual contaminants in liquid fluorine include oxygen, nitrogen, car-
bon tetrafluoride, and hydrogen fluoride. In addition to these contami-

nants, gaseous fuorine from a cylinder has been found to contain car-

bon dioxide, oxygen fluoride, silicon tetrafluoride, sulfur hexafluoride,

and sulfuryl fluoride. The presence of contaminants in fluorine is of

interest for the following reasons:

(1) The primary source of corrosive action in liquid fluorine is the

presence of contaminants. Solid hydrogen fluoride in liquid fluorine is

relatively inert if the system is maintained below -117 ° F. At higher

temperatures, hydrogen fluoride (originally in the fluorine or formed by

reaction with moisture or organics) can be very corrosive in the presence
of any free moisture.

(2) Dilution of fluorine by soluble contaminants may affect the per-

formance of the fluorine as a rocket oxidizer. Oxygen and nitrogen are

the only contaminants that would be expected to be present in concen-

trations of 1 percent or more. A small amount of oxygen might not



218 HANDLING AND USE OF FLUORINE AND FLOX

significantly lower the performance since oxygen itself is a powerful

oxidizer, but, the presence of nitrogen will reduce specific impulse.

Accumulation of insoluble contaminants may seriously affect the per-

formance of system components, such as engine injectors, valves, and

flow-meters.

Data on solubility of contaminants in liquid fluorine have been

experimentally obtained (refs. 3 and 4_ and ar(, given in table 6-II.

TABLE 6-II.ISOLUB1L1TY OF MATERIALS IN LIQUID ]2LITORINE

1

Material

Carbon tetrafluoride ........

Oxygen fluoride ............

Silicon tetrafluoride ........

Hydrogen fluoride ..........

Sulfur hexafluoride .........

Nitrogen trifluoride .........

Krypton ...................

Xenon ....................

Diearbon hexafluoride .....

Perehloryl fluoride ........

Solubility

at --320 ° F,

mo[ perc(mt !.

87.5

10.0

<0.05

<0.5

<:0.1

0.12

28.6

1.28

2.87

0.33

R_'ferenee

Powdered tetrafluoroethylene (TFE), silicon tetrafluoride, boron tri-

fluoride, and aluminum trifluoride were all less soluble than could be

measured with test apparatus, according to reference 4 (<0.05 mole

percent at -320 ° F), but low solubilities agreed generally with calcu-

lated values. Oxygen and nitrogen are soluble in fluorine in all propor-

tions. According to reference 5, other materials that are solid at liquid-

fluorine temperature (-306 ° F), are not expected to be appreciably

soluble.

6.3.1 Wet Chemical Analysis

A nunlber of methods may be used to determine contaminants. These

generally invoh, e evaporation of the liquid sample and analysis by

standard lahoratory methods. Analysis methods are discussed in refer-

ence 6.

6.3.2 Infrared Spectrophotometry and Gas Chromatography

Any good commercial infrared speetrophotometer may be used for

analysis of fluorine or FLOX for impurities. All test equipment coming
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in contact with the sample should be of compatible material (for the

condition of exposure) and should be cleaned and passivated in accord-

ance with procedures given in section 6.2.

6.4 FLOX SYSTEM PREPARATION SUMMARY

The following paragraphs describe the principal considerations for a

typical operation (test or launch with FLOX as an oxidizer). If fluorine

is used as the oxidizer, most steps in the procedure would be similar

except for the mixing operations. Care should be taken to develop

operating procedures that will not permit condensation and freezeout

of atmospheric moisture within cryogenic fluorine or FLOX systems.

Experience has shown that system failure may occur when the fluorine or

FLOX contacts the ice. After an unpredictable induction period, liquid

fluorine and ice react violently.

Prior to exposure t.o fluorine or FLOX, all storage-facility equipnmnt,

the FLOX transfer lines and systems, and the test or launch vehicle

FLOX tanks will require passivation to remove contamination that

might remain in the system after cleaning and purging. The operation

sequence includes

(1) Component cleaning and acid pickling or passivation with

fluorine (refer to section 6.2)

(2) Assembly of system

(3) Dry nitrogen or helium purge of system (for moisture removal)

(4) Solvent flush (if required)

(5) Nitrogen or helium purge to remove solvent (if required)

(61 System pressure test

(7) Passivation of transfer system with fluorine gas, with or without

evacuation, as appropriate

(8) Precooling and system checkout with liquid oxygen or nitrogen

as required

(9) Liquid-oxygen transfer to FLOX storage tank

(10) Liquid-fluorine transfer to FLOX storage tank

(11) Cooldown of transfer line and launch or test system

(12) Transfer of FLOX to tank of launch or test system

Purging and Leak Checks

After assembly, the system should be evacuated (if possible) and/or

purged by warm dry nitrogen, supplied from a vaporization and warmup

coil. The evacuations and/or purges will remove moisture and other

contaminant vapors that remain. System leak checks are performed

with helium or nitrogen prior to passivation (section 6.1} and may be
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followed by a low-pressure fluorine check during passivation. Should

any leakage occur, the system should he shut down and corrective
action should [)e taken.

Passivation

The dry-nitrogen or helium purge of the system during the leak test
will renlove moisture from the syst.em. This is followed by a passiva-

tion procedure (described in section 6.2.4 or 6.2.51 that will safely react
the remaining contamination and also form a fluoride fihn on exposed

metal surfaces.

Storage Tank Fill

If a liquid-nitrogen subeooler or recondenser is l)art of the FLOX

storage system, it. should be placed into ol)eration prior to filling the

storage tank. If a three-shell storage tank is used, the coolant jacket

should be topped with a coolant (liquid nitrogen, liquid air, or liquid

oxygen).
Standard practice for mixing FLOX is to load the liquid oxygen first

to minimize exposure of the tank to high fluorine concentrations; in top
loading systems this also permits loading the more (lense fluorine on

top of the liquid oxygen, which speeds the spontaneous mixing rate

{ref. 5). If loading is performed through a dip iub(,, leaving the more

dense fluorine on the bottom, spontaneous mixing will still occur, but at

a much slower rate. To assure mixing, or to speed the mixing rate, dry
helium can be bubbled through a dip tube in the tank to provide agita-
tion.

FLOX Transfer

In some loading operations, it may t)e desirable to use a precooling

operation with liquid oxygen (or liquid nitrogen i to minimize boiloff

when the FI,()X is introduced through the system. Use of vaporized

FLOX as a pressurant for transfer would also minimize disposal require-

ments for pressurant vent gases; the vaporized FI,()X can be recon-

densed following the transfer cycle. The various methods for transfer

are discussed in chapter 5.

Posttest Operations

The launch or test, vehicle tanks of a fluorine system, when drained

of residual FLOX after testing, should be left with a slight, positive
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pressure following deactivation. After any firing test, the concentration

of the hydrogen fluoride dissolved in the blast deflector coolant water

(or scrubber, if used) may be sufficient to require neut.raIization. The

water can be collected in a catch basin and the dissolved hydrogen

fluoride precipitated as insoluble fluorides by treatment with lime. The

fluoride concentration in the effluent after treatnlent must not exceed

tile limits established by the local water pollution control authorities

(i.e., probably from about I to 3 ppm).
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Chapter 7 Vehicle Systems Requirements

Complete coverage of the requirements for launch vehicle systems is

beyond the scope of this report. However, this chapter presents some of

the more general considerations that must be taken into account when

planning for the use of fluorine or FLOX as an oxidizer for launch or

tests of rocket systems.

The primary considerations in the use of fluorine or FLOX as an

oxidizer in the design of boosters are systems compatibility with fluorine
or FLOX and consideration of the quantity of hydrogen fluoride and

fuorine that would or could be released into the atmosphere during

operations.

The use of mixtures of fluorine and oxygen (FLOX) as an oxidizer

rather than liquid fluorine tends to reduce the compatibility problem.

The reactivity of FIA)X mixtures decreases to some extent as the percent

of fluorine is decreased. Vehicle hardware may be selected or modified

to meet compatibility requirements. In this way, present boosters may
be modified for use with FLOX by optimizing the modification effort,

cost, and mission requirements.

The second consideration for the use of a booster employing fluorine

or FLOX as the oxidizer involves the amount of hydrogen fluoride

released and the dispersal characteristics of the exhaust products during
launch I refer to section 5.2.4).

While conversion of existing upper stages to the use of fluorine or

FLOX as an oxidizer would involve the same study requirements for

compatibility as for the booster, the probability is that fluorine rather

than FLOX would be used as the oxidizer and that the upper stage

would bc specifically designed for this application. U.S. Air Force and

NASA programs over the past 10 years have produced regeneratively

cooled prototype flight-weight hydrogen-fluorine and hydrazine-fluorine
rocket engines with promise for high operational reliability. Rocket

systems that use fli_orine as the oxidant have been designed, developed,

and successfully demonstrated in captive tests up to the point of

operational evaluation.

7.1 DESIGN CONSIDERATIONS

Whether a vehicle is being newly designed for use with fluorine or

FLOX as an oxidizer or an existing vehicle is being modified to make it

fluorine compatible, a design investigation must be performed to ensure

9.23
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compatibility. All the subsystem parts and eoml)onent, s that will inter-

face with the fluorine-FLOX systems should be i(tentitied. All possible

fluorine or FIA)X paths through the vehicle system .-hould be determined

and provision should be made for eonlpatible materials throughout these

possible paths.
(1) Possible sl)illage quantities from (tuiek-disconlwct operations

should be determined.

(2) Leakage rates (if any) in the oxidizer system isolation valves,

shaft seals, an(t packing should be determined. No measurable external

leakage should t)e l)ermitted froni any fluorine eontainnlent system or

systeni eoml)onent, particularly where the leakage rate could increase
with tiule. Permissible levels of internal leakage through system com-

ponents will vary with syst.ems and component functions.

(3) A safe relative position DIUSt exist between w_nt ports of the

fluorine-FL()X system and other launch vehicle systems. No inIt)inge-

ment should occur lin venting of fluorine or FL()Xt with venting from

other systems, such as hydraulics, lubrication, oil, etc. An ewduation of

the effects of possible impingement (due to leakage! on other vehicle

systems such as hydraulics, pneunmt:ies, and control systems should be
included.

All materials used in all eoniponents and su|)systems that will be

directly exposed to fluorine or FLOX should be identified. Parts thus
identified must be evaluated for compatibility with respect to (11

maximuni possible FLOX (or fluorine} concentrations, !2) exposure

temperature and pressure conditions, (3} tyI)e of srrviee to be encoun-

tered (gaseous or liquid) and whether the exposure will be direct or

shielded (4) exposure to friction, 15) m'_xinmm flow rates to be en-

countered !particularly important for nonmetallic eomponents), and
(6t whether cavitation or impact (solid or tlui(ti c,xists in service

conditions.

Materials compatibility must then be determined for the conditions

of application according to the information given in chapters 3 and 4.

An evaluation of penetration of the instrumcnlation into the fluorine

or FLOX systenl must be niade that includes maWrials compatibility

and methods for sealing from fluorine or FLOX p(,netration. All sensors

exposed to, or mounted within, the fluorine or FIA)X system must be

considered to ensure compatibility anti zero-leak sealing.
Possible environmental exposure of instrumrnt p:ivkages, electrical

and electronic systems, and vehicle wiring to hydrogen fluoride, FLOX

or fluorine le'_ks and/or propellant venting nmst be d_,termined.

A study of aerodynamic heating effects on the oxidizer tank should be
made to determine whether localized heating _-oul_t raise the fluorine-

FLOX containment system temperature to the ignition point of the

containment system materials.



VEHICLE SYSTEMS CRITERIA 225

7.2 COMPATIBILITY EVALUATION AND REQUIREMENTS

All components of the oxidizer system must be compatible with

fluorine, or with the FLeX concentration specified for use in the vehicle.

Additionally, where the component may interface directly or indirectly

with the oxidizer system {e.g., temperature or pressure transducers or

pressure regulators), compatibility evaluation should include seals,

O-rings, gaskets, conduit, or other hardware (or software) that isolates

electrical circuits or noncompatible components from contact with the
oxidizer.

Some of the compatibility considerations to take into account during

design or modification of the vehicle system are given as follows:

(1) Surface coatings or insulating materials exposed to possible vent-

ing or leakage of fluorine or FLeX should bc coated with the most

resistant nomnetallic material appropriate for the function, such as

polytctrafluoroethylene or polychlorotrifluoroethylene (refer to com-

patibility studies in chapter 3).

(2) Grease or coatings for lubricating purposes should not be used in

a fluorine or FLeX environment. Components that cannot, function

without lubrication should be redesigned (in most instances). The use

of Kel-F greases in some fluorine system applications is possil)le (sec-

t.ion 4.3.3). Also, fluoride films have shown promise as possible lubri-

cants for some components (section 4.5.2).

(3) Cables and harnesses between components in the launch vehicle

should be covered with polytetrafluoroethylene or metal and tied or

secured with metallic or fluoropo]ymer materials only. Common lacing

cord should not be used where fluorine or FLOX oxidizer gases could

t)e present.
(4) Wiring-cable entrances into instruments or components, and

connections between cables, should be sealed against fluorine, FLEX, or

hydrogen fluoride penetration in a suitable manner {'e.g., with AN-type

fittings) to ensure a vapor-proof passage for the wiring.

(5) All components of the launch vehicle system that are sensitive to

exposure to a fluorine or hydrogen fluoride environment should be

completely sealed from contact with fluorine or FLeX vapors. Where

sealing is not practical, a continuous purge with inert gas should be
used.

7.3 CLEANING AND PASSIVATION OF FLIGHT SYSTEMS

During fabrication and assembly of fluorine or FLOX flight systems,

the cleaning procedures outlined in chapter 6 (sections 6.2.1, 6.2.2, and

6.2.3) should be used as applicable. Additional considerations are dis-

cussed in the following sections.
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7.3.1 Assembly and Postassembly

(1) All components and subsystems for the oxidizer syst.em should be

assembled in a liquid-oxygen "clean" condition by using strict appliea-
tion of current liquid-oxygen cleaning specifications (rcfs. 1 and 2).

(2) Nonmetallic materials that may come in contact with fluorine or

FLOX should be prepassivated with gaseous fluorine to assure complete

fluorination of any organie contaminants.

t3) Metallic components that are exposed to fluorine or FLOX in

operation that cannot be thoroughly passivated in lhe assembled system

should not be prepassivated, but extra care should be taken to assure
cleanliness.

(4i After vehicle-assembly and liquid-oxygen cleaning operations, a
positive t)ressure of dry nitrogen or helium (nomimdly -100 ° F dew

point) should t)e maintained in the oxidizer system to exclude moisture

contamination. When unsealing of the oxidizer system is required, the

system should be kept open to the atmosphere _,_l/t for the time required

to perform the particular assembly or maintenance operation. (If the

system is being opened after containing fluorine or FL()X, it should first

be thoroughly purged with dry helium or nitn,gen; prolonged purge

followed by ventilation with air nmst then be us_'d to ensure a safe

breathing atmosphere before entrance for maintenance is permitted.)

Atmospheric moisture, whether by itself or combined with hydrogen

fluoride, can cause unacceptable corrosion. After maintenance is com-

pleted, the vehiele should be purged with dry nitrogen or helium t.o
remove all traces of moisture.

7.3.2 Operations

A system failure occurred during recent operations at a fluorine

rocket-engine test facility during a NASA program. The initial reac-

tion occurred at the oxidizer prevalve, which is located between the test

engine and the isolating valve at the fluorine SUl)l)ly. Liquid-nitrogen

jacketing was used on the fluorine transfer line from the isolating valve

up to and including the prevalve; the transfer line downstream of the

prevalve was uninsulated. A dry-nitrogen purge line was eonneet.ed

through the prevalve to purge the line downstt'_'am and through the

test engine.

The operating procedure ineluded first filling the liquid-nitrogen

shield on the fluorine transfer line, starting a dry-nitrogen purge, ad-

mitting fluorine from the fluorine supply through the isolating valve to

the prevalve, and finally operating the test system through an engine-

firing cycle. Sinee the purge flow was not started until after the liquid

nitrogen chilled the prevalvc, moisture freezeout al)l)arently occurred at
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the prevalve plug. The partial vacuum thus created drew in more

moisture-laden air through the test cngine to cause a buildup of cryo-

genic-temperature ice at the valve plug. Because of the low temperature

and low vapor pressure of this ice, neither the purge cycle nor the

following exposure to a near vacuum prior to engine start apparently

caused the ice to sublime. When the prevalve was opened to fluorine

flow, an initial reaction occurred with the ice, causing a pressure surge

through the system that produced a high-pressure leak and reaction at

the engine injector inlet. Both reaction zones were then acted on by

the fluorine until the transfer line burned through at the prcvalve, at

which time an isolating valve closed to shut off the fluorine supply to

the transfer line. The reaction continued until the available fluorine
was exhausted.

This failure demonstrates the need even in a well-designed fluorine

facility for stringent operating procedure. However, the use of liquid

nitrogen jacketing and rapid shutdown techniques minimized damage in

this incident. Particular attention must be given to developing operating

procedures that will not permit a contaminant buildup in the system.

7.3.3 Shutdown and Reuse

If the launch vehicle system is cycled through operation and shutdown,

(1) The oxidizer system should be kept under a slight positive pres-

sure with fluorine, FLOX, or inert gas to preclude contamination by the

atmosphere.

(2) After prolonged shutdown or when removing the vehicle or sys-

tems from storage configuration, the following operations should be

performed immediately prior to any cold-flow operations and/or test

firing to assure a clean system:

(a) The liquid-oxygen-clean (and fluorine or FLOX clean) oxidizer

system (refs. 1 and 2) should be thoroughly purged with dry pm'ge gas

(dew point, - 100°F) to ensure a dry system.

(b) After thc system is purged, fluorine gas should be introduced

into the system, which is vented to a disposal system, and flow should

be maintained until the fluorine concentration for passivation (operat-

ing FLOX concentration or greater) is reached. The vent should then

be closed and the pressure increased to 50 pounds per square inch gage,

or system operating pressure, and held for a minimum of 30 minutes

at room temperature (longer for lower temperatures, or if desired).

(c) With completion of the purging and passivation, the oxidizer

system is ready for cold-flow tests and/or other operations.
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7.4 CORROSION CONSIDERATIONS

Launch vehicle systems should not nornIally 1)resonI any problems of

corrosion peculiar to fluorine or FLOX. If the system is kept clean and

dry, fluorine is not corrosive; however, the presence of moisture can

hydrolyze the fluoride film and attack the base matorials of tile system.

7.4.1 Internal Corrosion

By following the general procedures given in section 7.3, there would

be little or no leakage of atmospheric contamination into tile vehicle

to create a corrosion problem. Large flight-weight vehicle systems were

exposed to simulated operating conditions with FL()X during the FLOX

test. prograni with the Atlas booster. After tests and a year in a lock-

up storage condition, no trace of corrosion was found. The same thing

has been observed in Lewis systems with smaller ground-support-

equipment tanks after prolonged exposure to pure fluorine. Stainless

steel and Monel were the tank nlaterials used for FIA)X storage, and

stainless steel, Moncl, and aluminum were used for fluorine storage.
The authors have observed similarly that COl)per an([ aluminuin tubing

were unaffected after prolonged exposure to fluorine. (Conversely,

where contamination by atnlosphere and moisture was involved, exces-

sive corrosion occurred in a relatively short period of time.)

7.4.2 External Corrosion

The only time that external surfaces of the flight vehicle would be

exposed excessively to corrosive atnIosphercs would be during captive
firing tests. During these firing cycles, exhaust gases (mainly hydrogen

fluoride) can envelop the base of the launch vehMe, and additional

corrosion could occur from seepage, leakage, and venting fronI the oxi-

dizer system. In the same tank (see section 7.4.1_ in which FLOX stor-

age produced no internal corrosion, a slight frosting was observed exter-

nal to the tank where venting had impinged tile metal. While resulting

corrosion was slight, it could become significant with extended opera-

tions; in such eases the use of vent. duets, etc., might be required, for

protection of the flight or test. vehicle. Similarly, a single firing (e.g.,
flight test) would present no corrosion problems to lhc vehicle because

of the short exposure times, but repeated captivo firings might cause

enough corrosion for concern.

7.4.3 Rocket Nozzles

Routine short-terni firings of rockets will not corrode rocket nozzles

unless, after firing, a nioist atnmsphere is permitted to hydrolyze the
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fluoride film, or a water deluge is used in the test-stand flame bucket.

Where a water spray is used, hydrogen fluoride can be expected to form,
with a resultant corrosion in areas where the aerosols settle. In Lewis

firings of fluorine-oxidized rockets into "swimming-poo]" or spray

scrubbers, this corrosion phenomenon has been observed, although the

rocket nozzle corrosion that resulted was mild and did not seriously

affect the nozzle surface. Where repeated firing cycles of an engine will

be required, however, consideration should be given to preventing

accumulative hydrogen fluoride attack.
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Chapter 8. Production and Transportation

The information in this chapter is intended to give some safe methods

for handling liquid fluorine or FLOX during transportation and transfer

operations; specific procedures must be developed for the particular in-

stallation. The same safe handling praetiees apply for fluorine and for
FLOX.

s.] PRODUCTION OF FLUORINE

Fhlorine is prepared by the electrolysis of a molten mixture of hydro-

gen fluoride and potassium fluoride; the by-product hydrogen is gen-

erally discarded. Two methods have been developed for large-scale
production that differ chiefly in the temperature of the operation and

in the relative proportions of hydrogen fluoride to potassium fluoride.

The low-temperature process, which is most widely used in this country,

employs an electrolyte of composition from 1 part lmt assiunl fluoride,

1.8 parts hydrogen fluoride to 1 part potassium fluoride, 2 parts hydrogen
fluoride operated at 100 ° to 150 ° C. The high-temperature cell, at

about 250 ° C was used with an electrolyte containing 1 part potassium,

1 part hydrogen fluoride. Both processes are continuous.

The modern cell has a steel body and a steel cathode. Carbon anodes

are used with a standby nickel electrode for starting the cell or for

application in case of polarization. About 1 to 2 percent of lithium

fluoride is added to the electrolyte to produce smooth operation. The
electrolyte must be free from water and other materials that are more

easily oxidized than the fluoride ion for satisfactory operation; the

anode material must oxidize nmeh more slowly than the fluoride ion.

The fluorine gas is generally purified by a combination of cryogenic

and chemical methods. It is first passed through a trap cooled by solid
carbon dioxide, Freon, or some suitable refrigerant, and then passed

over solid sodium fluoride, whieh reacts to form sodium acid fluoride.

The hydrogen fluoride freezes out of the gas in the cohl trap; this

hydrogen fluoride is very pure and may be returned to the fluorine cell.

Lewis purchases fluorine shipments to the following specifications:

(1) 98.7 Pereent liquid fluorine (mininmm)

(2) 0.3 Percent (maxinmm by weight) hydrogen fluoride and carbon
tetrafluoride

(3) 1.0 Percent (maxinmm by weight) oxygen, nitrogen, and other

inert products
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The process of purification previously detaih'd, whi_'h eml)loys a sodium

fluoride scrubber, can be coupled with al_propriate i'ondensation and

filtering to produce lat)oratory or test quantities of fluorine that exceed

the preceding sl)ecific'ttion requiremt,nts. Methods for ',mttlyzing fluoride

for purity are discussed in chapter 6.

After the production of high-purity fluorine gas. it is normally piped

into a cryogenic hohting tank. In this tank, which is subeooled by

liquid-nitrogen .iacketing or similar means of refrig_,ration, the fluorine

condenses out as liquid.

For" p'tckaging gaseous fluorine, liquid fluorine is vaporized into

fluorine shippillg cylinders. The standard shipping cylinder contains

6 pounds of fluorine gas at 400 pounds per square in(ql gage.

Liquid-fluorine shipping containers art, normally filled directly from

the cryogenic hohting tank. Since the shipping containers are three-

shell construction, with liquid-nitrogen jacketing surrounding the stor-

age container, any liquid fluorine that vaporizes during the transfer

procedure will recondense inside the mobile storage fluorhm vessel.

82 TRANSPORTATION

8.2.1 Shipping Regulations

The Interstate (?ommeree Commission (It;C1 (_()de of Federal Regu-

lations (chapter l, parts 71 to 78) covers the rules anal regulations gov-

erning transport:ttion of explosives and other dangerous materials by

eonlmon carrier. The ICC classifies fluorine :is a fl:mlnmbh_ gas, and

states (ref. 11 that it must t)e shipl)ed in m(_tal c, qin(h!rs coral)lying

with Sl>eeifieation 3A1000 (scanlless steel des('ril)('d in section 78.36 of

the IC(; regulations), 3AA1000 (seamless steel [les('ribed in section

78.31), or 31_N400 tseamless nickel, described in set'titre 78.39). The

cylinders must be cquil)ped with valve protection _'al)S. Safety-relief

devi('es are prohibited on cylinders containing thu)rine. (?ylinders nmst

not be eh'trge(t to over 400 pounds l)er S(lU/tre inch gage at 70 ° F and

nmst not contain more than 6 l)ounds of g'ts. For ,-hil)ment , fluorine

cylin(ters must hear the IC(? re(t l'd)el for a flammal)h, _as.

There are no general ICC regulations 1)ertaining to tanks for liquid-

fluorine transportation. Special permits arc requir,d from the ICC and

Bureau of Exph)sives for" shil)nlent of tanks that _'olLtain li(luid fluorine.

Speci:d permits have been obtained for cross-country transfer of liquid

fluorine in quantifies of 1200 and 5000 pounds. These containers utilize

a multijacketcd l)ewar product eont'dner described in seetion 4.1.3.
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8.2.2 Vessel Design

Mobile storage systems built to date have all used the three-shell

storage-tank configuration and have employed liquid nitrogen as the

coolant. A summary of liquid fluorine mobile storage design require-
ments is given in chapter 4.

8.2.3 Emergency Equipment

Every Lewis fluorine transport trailer is provided with personnel
safety and emergency-use equipment to be employed in aecordanee with

operating instructions for the mobile storage system. This equipment

is periodieally inspeeted against a eheeklist to ensure that all equip-
ment is available for use.

A 2_-gallon water fire extinguisher and a 10-pound dry chemical

extinguisher are mounted on the trailer. These extinguishers can he

used on tire fires, or on small grease or oil fires. Safety equipment, con-

tained in a trailer storage box, consists of protective clothing and

respiratory equipment that should be used when any exposure to fluorine

or liquid nitrogen is anticipated, in accordance with instructions in a

trailer operator's manual.

8.3 TRANSFER OPERATIONS

Because of the hazards involved in the improper handling of liquid

fluorine, operating personnel must become thoroughly familiar with the

fluorine equipment and then must be made aware of the prescribed

safety precautions and emergency procedures. In addition, each driver

should be provided with a driver's manual that instructs him in the

operation of the trailer and use of all safety equipment furnished with
the trailer.

8.3.1 Cleaning and Passivation

Operating personnel must be instructed not to expose any equipment

to fluorine unless they are eertain that the equipment has been cleaned

and passivated. Cleaning and passivation proecdures for fluorine sys-

tems are discussed in chapter 6.

8.3.2 Operating Procedures

In general, fluorine users are advised to prel)are operating procedures

and checklists instructing personnel on operation of fluorine equipment.
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These procedures should indicate safety precautions, sequence of op-

erations, and "t detailed description of each operation. While transfer

operations "_re specific to each facility, a typical t_'ailer-to-trailer trans-

fer operation tusing the general equipment configuration shown in fig.
8-1) is described as follows as an example to illustrate the required

details and meticulous procedures:

(1) Notify the proper authorities of the operation to be performed

so that the transfer area can be isolated from traffic by unauthorized or

unneeded personnel.

12) Top off the coolant jacket of both the receiver and supplier

fluorine trailers with liquid nitrogen. Weigh both trailers (either total
trailer weight or Dewar only as appropriateI.

t3i Locate both the supplier and receiver trailers for connection to

each other, to the control connection umbilicals r for _'emote operation

of valves _, to the trtmsfer pressurization sourer Iheliunl storage trailer),

and to the fluorine disposal system (e'trbon reaetors i.

(4) Ensure that each man involved in the transfer operations is

equipped with a self-contained breathing al)lmratus and a headset..

Ensure that two-way radios are available for emergency communica-

tions and that the communications circuit is being monitored.

(5t (?onnect the liquid-nitrogen supply to tlw receiver trailer coolant

jacket. (Leave this connection mated since coolant loss during transfer

requires replenishm_mt of the liquid nitrogen either during or following

the filling operations.)

(6! Use extreme care to prevent contamination of lines and fittings,

connect all tubing, etc., for transfer l)rcssurizalion, liquid-fluorine trans-

fer, purging, and disposal.

(7! Connect all control umbilicals for remote ol),,r,'ttion of automatic

valves.

(8) Connect the vacumn punlp to the fill-and-drain line between

trailers (through valve 5, fig. 8-1}. Isolating \:tie(, 5 should be left
closed.

(9t Adjust the purge pressure regulator on the supplier trailer to 60

pounds per square inch gage. ()pen the transfer purge valve and

pressure-test liquid fluorine transfer line between trailer fill and drain

vah'es ID an,I 18, fig. 8-1t. Vent the test pressure rhrough the disposal

system by opening valves 6 and 7. Allow the purge to flow for 1 minute,

then close the transfer purge vah'e on the sul)pli<'r trailer and valve 6.

(The transfer line must be liquid-oxygen cl(-tn in accordance with

cleaning procedures described in section 6.:2. >

(10) Open valve 5; pump down the fill-and-drain line with a

vacuum pumf) to less than 1-millimeter of mermJry and hold for at least

10 minutes. (;lose valve 5 and disconnect the vacuum pump. (If it is
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desired, a passivation step may be used at this point according to the
general procedure described in section 6.2.4.)

(11) ()pen all manual loekup valves on transfer, pressurization, and
vent systems for both trailers.

(12) ()pen the three-way valve (16, fig. S-t) _o pressure (vent

dosed) on the receiver trailer; this permits the fill-and-drain valves

(18 and 14_ to t)e operated.

(13) ()pen the fill-and-drain valves on the receiver trailer, first, valve

lg and then valve 14. (With a vacuum in the. transfer line, some

residual liquid fluorine will be val)orize(t in the rvceiver tank with

subsequent, passivation of the transfer and vent lines._

(14) ()pen the l)ressure-vent valves on the receiver trailer, first valve
12 and then valve 13.

(15) Open the pressure-vent valves on the supt)lit,r trailer, first A,

then B, then open the three-way valve E to v,nt. Vent both the

supplier and the receiver trailers to about 1 pound t)ev square inch gage.

t116) ()I),'n the three-way valve on the supplier trailer, first D and

then C. The trailers are now rea(ty for transfer of liquid fluorine.

(17) Adjust the transfer pressurization manu:d loader to about 3

pounds l)er S(luare inch gage !enough to provide a slight positive flow

of fluorine from the trailer).

(18) After the transfer line has become thoroughly frosted, increase

the setting of the transfer pressurization manual loader to about 30 to

50 pounds per square inch gage (30-psig setting will result in transfer

of about 2500 lb/hr). Vent the receiver trailer as rvquired to maintain

a pressure of about 1 i)ound per square inch gage.

(19i Monitor tile load cell rea(tout (trail(q' wei_hti to determine

when the transfer is eoml)lete; close fill-and-drain valve 14 on the

receiver trailer to stop the transfer.

(20) Without delay, perform the followin_ (,prrations: open the

three-way v-dye E to vent to del)ressurizc the supl)li('r lrailer; when the

pressure decays to about 1 poun(l per square inch gage, close the

pressure-vent valve A, reduce the setting of tr'msfcr pressurization

manual loader to 1 poun(t per s(luar,' incll gage, and then open the

pressure-v(,nt valve A and the three-way valv,, E to the pressurize

position.

(21) ()t)en purge valves 3 and 4 to force liquid fluorine in the transfer

line hack into the supplier trailer until the pressur(' })(,gins to rise, and

then ('lose valves 3 and 4. Close fill-and-drain \'alvc (; on the supplier

trailer. (A s_ight positive pressure, I t() 5 psig, shouht be kept on both

the Sul)plier an, l tile receiver trailers tit all times to pr('vent entrance of

contaminants. )
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(22) Open valves 6 and 7 in tile disposal line to charcoal reactors

to purge the transfer line. Operate valves 6 and 7, and 3 and 4 alter-
nately to build up and release pressure in the transfer line for several

cycles, then allow purge flow for about 10 minutes.

(23) Ensure that pressure-vent valve 13 is closed with 1 to 5 pounds
per square inch gage trapped in the receiver trailer.

(24t With the three-way valve 16 in vent position, open purge valves

21 and 22 to purge the receiver trailer vent line through carbon burners;

close pressure-vent valve 12 and purge valves 21 and 22.

(25) Top both the receiver and supplier trailers with liquid nitrogen.

Return all manual loaders to zero pound per s(tuare inch gage and

return all systems to standby condition (close lockup valves, disconnect

umbilicals, etc.). Weigh both trailers after all systems have been shut
down and all lines have been disconnected. (Extreme care should be

taken to ensure cleanliness of mating connectors on transfer lines.)

8.4MOBILE STORAGE EQUIPMENT MAINTENANCE

A program of maintenance procedures should be set up for all mobile

storage systems to ensure that all systems and components are func-

tioning properly and to ensure that over-the-road operation of the equip-
ment is feasible. These maintenance procedures must cover both the

fluorine containment and transfer systems, all secondary systenls for the

fluorine system, the trailer, and the truck running gear. These inspec-
tion schedules are set up for the same reason as aircraft check proce-
dures, that is, to minimize the need for unscheduled maintenance and to

detect potential troubles before they develop.

8.4.l Routine Maintenance for Fluorine System

The following general procedures are used in performing routine

maintenance on Lewis mobile fluorine storage systems:

(1) All valve bolts and nuts should be retightened to torque specifica-
tion once a month or after every two transfers.

(2) The alarm system battery should be checked and the horn

sounded at least once per week. The battery shouht bc changed every
3 months.

(3) The nitrogen vent valve should be wired in the open position at
all times. (('hock after each nitrogen fill.)

(4) The valve packing nuts should be snugged down as necessary
after each use.

(51) All lines and valves must be l)roperly labeled and inspected every
3 months.
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(6) Thetrailerundercarriageshouldbegreasedandinspectedevery
30days.

(7) Tile tires should be inspected thoroughly every 30 days.

8.4.2 Inspection Schedule for Mobile Storage Equipment

Prol)er routine inspections should be conducted at :d} times on fluorine

transport e(luipnwnt by using checklist procedures. Particularly, it is

important to ensure /)roper condition of all equipment in a transfer

cycle, and when the equipment is being moved from one location to

another. The following check procedures are some that are performed

before l,ewis storage equipment is moved from one area to another, or

as routine checks Iref. 1). Figure 8.2 is a typical checklist for tractor-

trailer inspection and trip log showing safeguards and precautions used

to monitor in-transit fluorine shipments. Both the checklist and the

following list are representative t)roccdures used by drivers at Lewis.

Daily inspections.--On al)proaehing the fluorine l)ewar, note any

detectable odor in the area. If an odor exists, leave the area and notify
the supervisor. If no detectabh_ odor exists, l)roct'ed as follows:

(1) Verify that the product pressure gag(, indicates slightly above

zero (-_ to 1 psig. t

(2') Check the nitrogen liquid level gage. It shoul<t read no less than

three-fourths full. Refill the ra(tiation shield with liquid nitrogen, if

necessary.

(3) Cheek the vacuum on the Dewar annulus. It should read less
than 150 microns.

(4t Check nitrogen shield pressure gage. It should read zero. The

vent valve should be open.

(5) (?beck out the alarm system. Dcf_rcss th(, [tuorine vessel fwes-

sure alarm swit('h. Depress the nitrogen level l in coolant jacket) alarm

switch and ensure that both function properly.

(6) Notify the supervisor of any malfunctions or ('onditions that are

out of the ordinary.

Preshipme_tt check procedure.--Prior to moving the trailer for any

pickup or delivery of fluorine, the following l)roe('dures are l)erformed:

(1) Check the ttuorine vessel pressure gag(,. It should read slightly

al)ove zero ( 5 to I t)sig).

¢2) Fill the coolant shield to full with liquid nitrogen. Weigh the

Dewar and record the weight on the check street.

(3) Ensure that the vacimm reading is beh)w 150 lnicrons.

(4) Check out the alarm system. Del)r¢'ss tlm product pressure

alarm switch. Depress the liquid-nitrogen-hweI alarm switch.
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(5) Ensure that_ the gaseous nitrogen wmt valvt' is open. The nitro-

gen shield pressure gage should read zero.

(6) Place the fluorine tank vent and disehar_(_ valve knobs in tile

manual position. Ensure that they are closed and safety-wired in closed

position.

(7) Ensure that the vacuum valves 12) are elos(,d and safety-wired

in the closed position (0.050 wire).
(8) After tlw tractor hookups, carry out th, _ tr','tor and trailer

ehecklist procedures (fig. 8-2).
Destirlati(m check.--The following l)roce(hn'es "tr(' performed after

the trailer is moved from one location to anothvr:

(11 Cheek the fluorine vessel pressure gage. It should read slightly

above zero (_ to 1 psig).

(2) Check to ensure that the liquid-nitrogen coolant shield level is
not less than three-fourths full. Refill with liquid nitrugen as required.

Weigh the Dewar and record the weight.
(31 Check to ensure the vacuum on the Dewar outer annulus is less

than 150 microns.

(4i Cheek that the nitrogen shield pressure g'tge indicates zero pound

per square inch gag(, and that the vent valve is otwn.

(51 Check out the alarm system by depressing the fluorine vessel

pressure alarm switch and nitrogen level alarm switc'h. Ensure that

both function properly.
(6) Ensure that the fluorine tank discharge ,toubte valves are in

the manual position and wired closed.

(71 Record inspection on cheek sheet provi&'d (m lIewar.

8.4.3 Leak Tests

Fluorine systems, lines, fittings, welded connections, and valves

should be checked for leaks basically by using the procedures discussed

in chapter 6. Any components that leak should be rel>laced or repaired.

Prior to any disassembly or repair, it must he ensured that the fluorine

systems have been emptied and purged.

Leakage between the fluorine tank and liquid-nitrogen annulus can

be detected by applying a positive ]}ressure to the fluorine containment

vessel and monitoring the boiloff gases from ttu, liquid-nitrogen shell

with a halogen leak detector for any sign of fluorine. If the mobile

storage tank has been emptied, this test may be lwrformed by applying

a positive gaseous fluorine pressure to the fluorim, eontainnmnt vessel.

Since this involves working near a system under l_ressure (though

moderate I, the operation should only be performe_l under the direction

of a technically competent supervisor, who has evaluated all the hazards
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and made provisions to prevent any injury to personnel, damage to
equipnmnt, or danger to surrounding areas.

Leakage in a VgClAUlU system ('an be recognized if a good vacuum

cannot be maintained. The vacuunl system shouhl maintain a good
w_cuum under normal conditions for an indefinite time.

s.5 IN-TRANSIT EMERGENCY PROCEDURES

If a tank truck transporting fluorine is involved in an accident, the

following measures shouhl be taken: "File truck should be parked off

the roadway if possible; in arly event, flares and flags shouht be set out.

Traffic should not be allowed to approach closer than 100 yards. Local

police and fire authorities should be notified, but one man should stay
with the truck.

If an emergency condition develops in which reaction of tank con-

tents threatens i from rupture, tank leakage, loss of coohmt, etc. ! causing

abandonment of the truck, operators should remove etluilmwnt to the
most isolated area possible, then

(11 Warn all local emergency crews (fire, police, etc.) that fluorine is
involved, and that tile inunediatc area of the truck nmst be evacuated.

Ensure that everyone is kept away from the transport equilunent, par-
tieularly from downwind areas. In the event of a leak from the fluorine

containment vessel into the liquid-nitrogen annulus, with result'mt

contamination of the nitrogen boiloff, the chief hazard wouht probably
be the toxicity of vapors downwind.

(2) In the event of a system failure resulting in fuorine tank over-

pressure, such as loss of the liquid-nitrogen and/or vacuum in the heat

shields, both explosion and major conflagration eouht result, and tile

area of evacuation should be as large as possible (particularly down-
wind, and at least a 1000-ft radius).

(3) If reaction of the tank contents occurs, ensure that local fire-

fighting personnel are aware that fluorine is involved. While ttle prob-

ability is that no equipment could be brought to bear (luring the main

reaction, fire conlllanies should be warned to withhold attempts to con-

trol secondary fires until the fluorine reaction has had adequate time

for COml)letion. If water is to be used to fight secondary fires, it shouhl
be applied from a maxinmm distance upwind tto assure clearance

from any reaction of water with residual fluorine). Carbon dioxide or

ch(,mic'ds are generally preferred to water.

A discussion of v'trious factors involved in dispersion of spill products

is given in section 5.2.t.1. Lewis spill-test results (section 3.4) describe

the reactions of various common materials with fluorine in a spill
situation.
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Chapter 9. Personnel Safety

The thousands of man hours of rocket testing experience at many

fluorine-handling installations with no serious personnel injury has

shown that fluorine can be handled safely in large quantities. In ahnost

every ease involving some loss of hardware resulting from system failure,

the mishap occurred e'u'ly in the program before the philosophy of scru-

pulous cleanliness was established and the extreme importance of proper

operating procedures was recognized. Experience at these installations,

including NASA Plum Brook and Lewis, shows that fluorine facilities

can t)e designed for safe and practical operation. The use of strict

safety procedures is, however, a prime requirenlent in safe facility

operation.

While all general safety precautions assoeiate(t with cryogenic facili-

ties will al)ply to liquid fluorine or FLOX facilities, the toxic and

reactive natoure of fluorine requires additional precautions.

9.1 FAMILIARIZATION AND TRAINING

To ensure safe operation, it is nccessary to have trained personnel

operating the facility. For this reason, a thorough familiarization pro-
gram must be initiated at each facility to train personnel in use of

equipment, safety procedures, and other operations related to their
work specialty.

Use of this report should be considered for training personnel for

fluorine and FLOX operations. Generally, this training program can
be divided into at least four seetions:

(1) Training of fabricators

(2) Training of operators

(3) Training of service personnel (firemen, etc.)

(4) Training of medical staff

o.1.1 Training of Fabricators

The training program for fabricators should include a discussion of the

basic properties of gaseous and liquid fluorine and recommended fabri-
cating techniques. This program might also include a demonstration of

the effect of liquid fluorine or FLOX on water, its effects on metallic

materials and noncompatible cloth, paper, leather, greases, and oils.

243
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Tile iml)ortance of cleanliness and freedom from contamination of

equiplnent for fluorine serviee will then be vividly emphasized.

9.1.2 Training of Operators

The training program for operators shouht include a detailed coverage

of materials, compatibilities, characteristics of liquid and gaseous

fluorine and their toxicity, first aid, and safety practices. An examina-

tion shouht be given to be certain that the trainees have absorbed the
essential information. The sub.iect should be reviewed periodically to

be certain that the information has been retained.

9.1.3 Training of Others

()ther personnel who might be required in the facility area in emer-

gencies, such as firemen, safety engineers, and supra-visors, shouht be

trained in the procedures for protecting personnel and equipment, giving
first aid. and methods of eoping with fluorim, live,. They should be

informed of l)ossible occurrences so that they linty l_rcpave operating

phms for all crcdihh, eontingencies.

9.1.4 Training of Medical Staff

The facility medical staff shouht become thoroughly familiar with

recommended procedures for treating FL(_X, fluorine, and hydrofluoric

acid iniuries. The Lewis medical staff then reemnmends that training,
informational material on treatment mcthodolo_zy, and specific medica-

tions be made availabh' to nearby community hospital and medical per-

sonnel.

The specific treatment of fluorine eXlmSUrO injuries varies with sever-

ity of exposure. The medical staff should ealegoriz_' those exposures

and specify trcatlnents that may h(, l)erformcd t)v operating facilities

personnel, la;ofove any sit(' beeomes op(,rtitional, :( medical program
shouht bo formulaI(,it, tMethods, first-aid practim's, and treatments are

outlined in s(,clion {t.2.4.) More details on specilie recummendations for

treatment are available to medical personnel through the Lewis Medical

()ttice.

!_.'_,MEDICAL PROGRAM

!*.2.1 Physiological Indications of Fluorine Exposure

Areas where tluorine eoncentrations are tw.svnt should always be

avoided. If, however, an individual shouht be oaught in such a eoncen-
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tration, he should hold his breath and move cross-wind until clear of

the contaminated area. Experience of the author indicates that in-

advertent inhalation of high concentrations of fluorine is unlikely, since

a puhnonary spasm develops at the first intake of the gas, preventing

any further intake. If the exposed individual gets clear of the contami-

nated area quickly, exposure effects could be expected to be slight.
To determine the effects of standardized fluorine concentrations on

individuals, a limited series of tests were performed at Lewis. Some

subjective results were obtained from these tests, which involved nine
males, ranging in age from 25 to 50 years. The following significant
results were obtained:

(1) In smell tests on low concentrations, all but one of the subjects

were able to detect the odor of fluorine down to 0.11 part per million

(ppml, and all could detect it at 0.14 ppm. This is a lower threshold

than mentioned by most of the literature on fluorine.

(2) The subjects were about evenly divided in their description of

fluorine odor. One group characterized it as "sour" and some thought it
smelled much like vinegar; the other group detected no sour odor but

variously referred to the odor as "musty," "swampy," or "onion-like".

(3) All subjects agreed that, within the range of 0.11 to 10.00 ppm
the level of concentration could not be fixed from the smell.

(41 As concentration was increased, a level was reached at which each

individual reported pungency. This level, which varied with each indi-

vidual, resulted in discomfort in the nasal passages after only two
or three breaths and ranged from 18 to 27 ppm.

(5) In skin exposure tests with concentrations from 90 to 240 ppm,

exposure times were limited from 1 to 2 minutes. Only one person, who

seemed more fluorine-sensitive than the others, noted a slight reddening

and burning at the 90-ppm level. At 132 and 240 ppm about half the

group felt the sensation of heat together with a feeling of stickiness of

the hair in the exposed area. From the skin exposure tests, it is obvious

that people will vary widely in their skin reaction to fluorine. For this

reason, the sensation of heat cannot be relied on to warn all individuals

when exposure levels exceed 100 ppm. The feeling of stickiness of body

hair will always be present, however, in exposures to concentrations over

100 ppm.

9.2.2 Toxic Exposure Limits in Operations

In December 1963, Congress passed a law (ref. li designed to promote

air-pollution control by various devices. It is the responsibility of

facility management and operating personnel to provide clear-cut limits

for all operations to conform to requirements of this Act. Some con-
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siderations involved in conforming to requirements of the Act are

(1) Notifying and working with local pollution-control authorities

(state, county, or municipal control boards for air, soil, or

water pollution)
(21) Providing pollution sampling and detection instrumentation and

documenting peak and integrated pollution concentrations at

the boundaries of the exclusion area and at the facility boun-

daries

(3'I Selecting weather windows that will not permit pollutant drift

(of hazardous quantities) downwind into populated areas;
taking all precautions to prevent exposure of humans and
animals outside the exclusion area

(4) Performing soil and water sampling before and after tests to

record "rod document possible pollution

As part of their advisory function, the National ll(_seai'eh Council of

the National Ac'tdcmy of Sciences defined Emergency Tolerance Levels

(ETL) for exl)osure to concentrations of fluoride and hydrogen fluoride.

Preliminary information from studies being conducted by the University
of Miami to arrive at final ETI, values indicates that these values

ttable 9-I) are conservative. The value for ETL is nonoceupational;

that is, it is an exposure level that would be rat(, in the working career

of the individual.
Reference 2 _-tates "It is recognized that both occupational and non-

occuI)ation:d _'xt)osures can occur at predictable inle,,'vals when they can
in no sense be ('onsidered to be accidents. An (,x_m_ple is the static test

T._m,E 9-I.--EMEROENC't" TOLEkANCE LIMI'rS (ETL)

FOR FI,UORINE O11 HYDROGEN FLUORIDE IT_XPONURE

r

Exposure tim(', rain _ F, TL, ppm
R

l

Fluorine

5 5.0

15 3.0

30 2.0

60 1.0

Hydrogen fluoride

5

15

30

60

a By volume.

30

20

10

8
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firing of samples of production batches of rocket propellants. There is

no justification for submitting individuals to any appreciable risk in

predictable exposure. Advance provisions should be made to control the

exposure of elnployees by limits on quantities and distances, by physical

security, and by personal protective equii>ment." Safety can be further

enhanced by selection of proper weather windows (refer to section
5.2.4) to assure optimum diffusion of any toxic releases.

9.2.3 Preventive Medicine

A major part of tile medical program for fluorine exposure at Lewis

is devoted to preventive medicine. To this end, medical hist.ories are

maintained on individuals who will be handling or be exposed to fluorine,

hydrogen fluoride, or FLEX. In the beginning of the fluorine program
at Lewis, medical history bases were built up by frequent, repetitions of

physical examinations. Major tests and their frequency of repetition

are shown in table 9-II. To establish confidence and to develop reliable

TABLE O-II.--FREQUENCY OF MEDICAL ]5_XAMINATIONS

Examination

CBC, _ differential Mood, urinalysis ....

Complete t)hysical ...................

Chest X-rays ........................

Pelvic X-rays" _.....................

Original

4 Months

6 Months

Yearly

3 Years

Internal

Present

Yearly

Yearly

2 Years
3 Years

a Blood count.

b For chronically exposed employees only.

early medical histories on personnel, it is recommended that a shorter

interval between examinations bc used in the early stages of the pro-
gram. Table 9-II lists routine examinations; results arc maintained on

the individual medical history cards. If any irregularities are disclosed

in the examinations, the individual should be reexamined at short

intervals, as determined by the physician.

The following rules apply to personnel working in areas where fluorine

or fluorine eomponds are handled:

(1) No worker with a doubtful chest X-ray, or one who is suffering

from asthma or other puhnonary complaint, or from cardiovascular
disease, should be employed in any operations where exl)osure to

fluorine or its eolnpounds is involved. Excess inhalation of gaseous

fluorine results in puhnonary edema. Individuals having respiratory

or respiratory-involved aihnents would have greatly lessened chances
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for survival if exposed to excessive fluorine eonct,ntrations.

(2) Any employee working in a fluorine area should be included in

the list for periodic inedieal checkups.

(3) All employees working with fluorine of pot(,ntially hazardous

fluorine compounds must be thoroughly grounded in lirst-aid procedures,

emergency facilities available _toeation and use!, and emergency pro-
eedures to be followed in the event of a fluorine expt_sure.

9_2.4 Emergency Treatment (First Aid)

Whenever any person is exposed to ttuorine or hydrogen fluoride

impingement, l)erform the following inmwdiately (r_'f. 3) (speed is

essential i_ th_s part o/the emerge_c,q treatmet_t ) :

(1) Remove tile patient from the "trea of ttumim, (.ontamination to

an area that includes water deluge Ishower, ey_'wash, etc.) facilities.

1'2) Drench the affected part of the body lind-hiding the eyes, if

exposure is suspected) with water. While the I)atit'nt is under the water

fow, remove clothing that might have become contaminated. Continue

flushing for at least 15 minutes.

(31 Perform the applicable first-aid procedure' giv(,n subsequently.

Ensure that the medical departme_t has bee_ m_ti/icd amt that compe-

tent medic(d help is chronic, or tmr_sport tlw paltcttt to the twarest

medical ccntcr.

9.0..41 3lajor external surface (skin) exposure to fluorine. (re/. 3).-

When exposure of the skin has been to fluorim, c(lncentrations above

100 to 200 ppm _table 9-III), the following :Mditional treatment should

be carried out:

(1') Provide/or prompt medical ,ttc_di(m b q _i ph!t._ici(_.

(2) ('ontinue flushing affected skin, as state,1 in the emergency pro-

cedure, for a sufficient period to ensure l'elllOV_t] (}f all hydrofluoric acid

from the skin. a nlininmnl of 15 minutes.

(3) Apply a cold saturated solution of ma_nesimn sulfate (epsom

salts) or cold 7-percent alcohol to the affected surfa('c for at least 30
minutes. If the burn is in an area that cannot Iw immersed in the solu-

tion, :tpply the solution with compresses, changing compresses tit least.

once every 2 minutes.
(4) Following the 30-minute tminimum) soaking in solution, apply

magnesium hydroxide water paste liberally to the affected area using

pressure bandages to ensure eOml)lete contact with tile burned areas.

Keep the bandages moistened. Usually this treatm('nt will aid in reliev-

ing the condition, and will reduce the severity of the burn.

9.2.4.2 ('o1_tact with eyes ire/. 31).--If it is SUSl)ectc_d that fluorine or

hydrofluoric acid has entered the eyes, or if the eyes have 1)een exposed
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to strong concentrations of the vapor, they should be irrigated imme-

diately with clean water. (Arrange for medical care by a physician as

soon as possible.) This irrigation should be continuous for a minimmn of

15 minutes, with the eyelids held apart during the irrigation to ensure
contact of water with all tissues of the surface of the eyes and lids.

Fhe eye irrigation may be continued for a second period of 15 minutes.

Fluorine in the eyes requires additional irrigation with a 3-percent

boric acid solution, but this and subsequent treatment should be directed

by an ophthahnologist. Under no circumstances should ointments be

applied either to the eyes or skin by unqualified personnel.
9.2.4.a Inhalation (re/. 3).--An individual who has been overcome by

gaseous fluorine or hydrofluoric acid must be carried at once into an

uncontaminated atmosphere. It is very urgent that a physician be called

immediately, and _f a trained attendant is available, the administration

of oxygen should be started at once.

Oxygen inhalation must be continued as long as necessary in order
to maintain the normal color of the skin and mucous membranes. In

cases of severe exposure, the patient should breathe 100-percent oxygen

under positive exhalation pressure for ½-hour periods every hour for at
least 3 hours. If there arc no signs of lung congestion at the end of

this period, and if breathing is easy and the color is good, oxygen

inhalation may bc discontinued. Throughout this time the patient should

be kept comfortably warm, and at complete rest. The patient should be

kept under observation until released by a physician.

9.3 PROTECTIVE CLOTHING AND EQUIPMENT

The Lewis policy on use of protective clothing and equipment (breath-

ing gear, etc.), which has proved effective in its more than 15 years of

safe operation with fluorine systems, can be summed up in one sentence:

use protective equipment only when it improves safety.

Table 9-III gives various conditions and recommended clothing or

apparatus to hc worn or used in each condition. These practices are

recommended for use at any fluorine or FLOX-using facility.

The main hazards involved in handling fluorine arc

(1) Inhalation of fluorine or hydrogen fluoride contaminated air

over a prolonged period

(2) Accidental exposure to high concentrations of the gas

(3) Accidental contact or impingement of liquid or gaseous fluorine

on the body

If anyone detects a leak while working with fluorine, he should

leave the area within a maximum of 15 minutes if a fluorine odor per-

sists. In practice, the most effective and reliable fluorine detector has
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TABIm 9-III.--]_E(X)MMENDEI) SAFETY CLOTti]NG ._.XD EQUIPMENT

When the condition is, or is Wear the" fnllc_wing equipment: °
expected to be, one in which--

There is no odor of fluorine (loss
than 0.10 t)pm fluorine in air)

Fluorine can b(, smelled, but dot's not
irrilato (he n()s_, (0.10 to 15 ppm
fluorin(, in :fir)

(_olnnl(ln "woFl,_ (,]i)thes

Easily ronlo\al,l,, plastic gloves, face
shield, ('l.Ih head covering, work
(.1,)lhos; avoid _taying in the area
longer than V, hour

Fhmrino irritaWs the nose. but does Filtered-air mask or portable air sup-
n()t affect the sldn or hair (15 to 100 ply, easily r_movat)lo plastic gloves,
l_t)m flum'ino in air) face shield, ,'l_Jl}_or pla_ic head cov-

ering, art.t h)(_so-fiti ing plastic jacket ;
lninimizo tim(, in th(, are'_

Fluorilm warms the ,,&in and makes Full saf_4y suit (I,r('ferably made of
body hair siioky (above 100 ppm a fluorotu)lymor) and breathing-air
ftuorine in air) suI)ply

Iles('ue, standby, or accident sur- Full s:tfely sUil and breathing air
voillance as needed ', supply

a Comfortable fo_tg(,ar does not exist whi(.h would give im,teeti_m atzainst fluorine splash, impinge-

menf, or eryo!zenio puddl(,s. Conllnon _(ll'k shoes art' (.cmsi(h.red apl,ropri;ttv prt_t(,elion for file feet.

Routine preeauti,ms shouhl hi, followed to prevenl spilling al 0 cr3_g,.ld(, fluid into pockets, on shoe

tops, sleeves, etc.

proved to be the human nose. Fluorine has su('/_ a sharp, penetrating
odor that inhal:ition of toxic quantities is unlikely unless the individual

is tl'ai>pe,l in a location froln which escat)e is impossible. If the fluorine

odor is irritating to the nasal passages, this indicates a sizeable leak
and the area should be evacuated immediately.

A fluorine burn on the skin should be treated as a combination

chemical an(t thermal burn. If the exposure is slight, several hours may

elapse before the lmtient is conscious of pain or injury. The fluorine-

ex]posure area Ill'st becomes reddened, then swollen "rod pale with a
macerated al)I)earance that is aceomt)anied by a severe throbbing pain.

Adequate treauuent will usually stop 1)athological changes "it this stage.
Without treatment, necrosis and ul('eration may occur in sever(, e'tses

(ref. 3).

It is ilnl)ortant that treatment be given at once for any exposures

or SUSl)eete(t CXl>Osures to spills or excess (,Olwrntrations of gas. First

aid procedures are included in section 9.2.4.
Buihtup of fluorine facilities, or the mamten:mee and repair of

such systems th:tt have been inerted, re<lldres no sl>ecial clothing other

than everyday work clothes. Remotely charged and operated facilities
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are manipulated by personnel in standard clothes, except for those
personnel involved in the connection and manual valve operation of tile

fluorine supply. This function requires only a face shield 1 and gloves

(TFE cloth hnpregnated with TFE, or other fluorinated polymer _) for

protection from fluorine "puffs" when removing tubing caps, or other

similar occurrences. High-pressure gaseous systems that are manually

operated must be provided with barriers and shielding for protection,

which, in most cases, eliminates the need for additional protective

clothing. All protective clothing should be designed for l'apid and easy

removal, in ease a fluorine or FLOX impingement should penetrate

the body covering. When breaking into a system that has contained

fluorine or FL()X, the mechanic should wear

(1) A transparent plastic full face shield _ over a head covering of

cloth or plastic

(2) Gloves made of TFE cloth impregnated with TFE, or one of the

other fluorinated polymers, 2 designed for easy removal by

vigorous arm movements

(3) A jacket, or similar covering, also made of TFE cloth impregnated

with TFE or one of the other fluorinated polymers (also de-

signed for ready removal 1)

If fumes cannot be avoided or if exposure is prolonged, filtered

breathing air from a supply tank or a portable breathing apparatus, with

self-contained supply tank and face mask, is required. With the philos-

ophy of "controlled" fluorine exposure established, the requirements for

protective clothing can be evaluated realistically. The use of protective

clothing should be limited strictly to those conditions where it affords

protection. Extravagant use of protective clothing may provide a false

sense of security, while in fact being only a physical hindrance.

9.3.1 Safe Work Practices

Maintenance and repair functions provide the greatest risk potential

for hazardous exposure to fluorine concentrations. This risk can be

eliminated by use of remote deactivation, depressurization, purging,

and general system inerting; by use of "system-wise" personnel only;

and by supplemental use of appropriate protective clothing and equip-
ment.

1 Face shields will not provide prt_tectioa against a high-velocity impiugoment nf fluorine. Whil.e

amyl butyrate has been used for face shields, another material. Aelar, a film made from fluorohalo-

earb(),l, is preferred.

2 While the TFE cloth is preferred, neoprene is also suitahle for protection against inadvertent

exposure to dilute puffs of fluorine or FLOX gas.
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Normal fluorine exposures are limited to residual vapors in lines,

tanks, or components that are being disconnected for maintenance, re-

moval, or repair. Iit unusual circumstances, personnel nlay be exposed

to a fluorine-contaminated area l)erforming inspection after assurance

of adequate safety has been determined. If fluorine gas is present and

system inspection, adjustment, maintenance or repair is required, a

recommended routine handling procedure might include

(1) Close isolation valves to isolate the system fr()m fluorine, FLOX,

and liquid oxygen storage areas.

(2t Open system exhaust lines to permit ltuorine in lines to flow

into charcoal reactor disposal system.

(3_ Purge the system with dry helium or nitrog,n gas.

(4) Verify that the fluorine and FLOX storage areas have been

isolated. The facility is not to be approached until the fluorine and

FLOX are isolated in no-loss containers (normally liquid-nitrogen-

jacketed Dewars) pressurized at. less than 10 pounds per square inch

gage.

(5_ Two or more persons (as required in the maintenance operation

to be performed l should be equipped as follows:

(a) Tl_o woat'ing of loose fitting pla._tic .}uckct, gloves, and plastic

face shield (over standard cloth headgeari is preferred.

(t)_ If high concentrations (table 9-III) are suspected, a self-

contained breathing apparatus should be carrie(t, to be worn under

tile plastic face shield. As noted in item (6), this breathing apparatus

wouhl not t), worn initially, but would l)(_ al)i)ti_d to tile face and
used only when the breathing environment requil'(_,t it.

(6) Whenever any lnaintenance operation is carried out on a fluorine

or FL()X system, at least, one person should be completely equipped

with full safety suit and air pack and stationed (in rescue standby where
he can observe tile maintenance operation b(,ing performed. Personnel

performing the maintenance may now approach tho system. Detection
of fluorine is as follows:

(a) Tile sense of smell is used in determining the presence of

fluorine during the approach to tlle facility system; detection devices

nlay be used to supplement this method. If the odor of fluorine

hecomes annoying or irritating to the nose (aboul 18 to 27 ppm) the

air-pack breathing apparatus should be donned before proceeding.

(b) Since the body is not completely covered, the next concentra-

tion plateau for fluorine can be felt on tile exposed skin of the body

(up tile sleeve, back of the neck, etc.), which will begin to feel warm

at 90 to 240 l)i/n] concentrations. At the same time, tile exposed hair

on the head and arms will feel sticky. If this concentration is oh-
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served during the maintenance operation, or if monitoring instru-
mentation indicates fluorine or hydrogen fluoride in excess of 90 to

240 ppm, personnel should evacuate the area immediately, and remain

clear until the concentration is reduced to a safe level {by dissipation
or by operation of exhaust systems in enclosed areas). Personnel

exposed to these concentrations (100 to 200 ppm) for over a few

minutes will experience minor skin irritation, itching, and subse(tuent

sunburn effect. To limit this aftereffect, exposed personnel should
immediately flush exposed skin areas with water.

(c) Concentrations above the 90 to 240 ppm level are to be avoided
under all circumstances, and exposure to excess concentrations should

be handled as directed in section 9.2. Anyone caught in a toxie concen-

tration (without self-contained breathing apparatus) should im-

mediately hold his breath and lnove crosswind as rapidly as possible
until clear of the contamination.

Good general safety practice is required at all times at fluorine or

FLOX facilities. Eyewash facilities, showers, and appropriate first-aid
equipment must be maintained accessible and operational. Personal

cleanliness, cleanliness of tools, and cleanliness of work areas should

be both rule and habit. This type of eleanliness is as vital to personnel

safety as it is to the safe operation of the fluorine or FLOX facility.

In transporting, transfer, and storage of fluorine and FLOX, certain
safety precautions must be observed to minimize risks. Personnel can

prevent any major burnout by following established rules, regulations,

and work practices, concentrating on their assignments, and by double

checking each operation performed during facility operation.

REFERENCES

1. An Act to Improve, Strengthen, and Accelerate Programs for the Prevention and

Abatement of Air Pollution. Public Law 88-206, 88th Cong., H. R. 6518,
I)(_e. 17, 1963,

2. SMYTtt, HENRY F., JR.; HATCH, THEODORE F.; JA("OBSON, KEITH H.; KEPLINGER,

MORENO L.; AND PRINCI, FRANK: Basis for Establishing Emergency Inhalation

Exposure Limits Applicable to Military and Space Chemicals. Nat. Acad.

Sei., Nat. Res. Council, 1964.

3. :FLEMING, A. J.; D'ALoNZO, C. A.; ^ND ZAPP, J. A.: Modern Occul:ational Medi-

cine. Lea & Febiger, 1954.





BIBLIOGRAPHY

An Act to Improve, Strengihen, and Accelerate Programs for the Prevention and

Abatemm_t of Air Pollution. Public Law 88-206, 88th Cong., II. R. 6518,

1)oc. 17, 1963.

A.',qn.:l_SON, I{¢×;E_ E.: l)osign Handbook for l,iquid Fluorine (Iround tlandling

Equilmu,nt. I{opt. No. AFRPL-TR-65-133, Second ed., Aorojct-(;('neral Corp.,

Aug. 9, 1965.

ANON.: An /nvesiigaiion .md l_2valuaiion of Mothods :rod Equil)m('nt lo Transport,

"l'ransf(,r, an(I Slore IAquid Fhmrine. Arlhur 1). IAtll(! Co., Inc., Jail. 31, 1957.

ANON.: Fluorin% t';l(,mental F. Produ(,t Info. Teeh. Bull. No. TA-85411, Gem

Chem. Div., Alliod Chem. (_orp., 1960.

ANON.: Fluorin(, l)ro(hlcl, Data Slmot No. PI)-TA-g5413, (h,noral Chron. Div.,

Allivd Chron. and l)ye Corp., Aug. 15, 1958.

ANON.: Fluorine,: Prol)(,rti,s and Molhod of Handling. P(mnsylvania Salt Manuf.

Co., Mar. 1, 1957.

ANON.: [_'tltl_cb. Ar(,a S(,rvicin_ of _t Fhtorine/Hydrogen Ul>p_'r Slage. Rept.

No. 8031-98'2-003, ]l,]l Aorosysh,ms (?o., D_[:. 31, 1960.

ANON-.: Li(luid ];luorino Unloading Proeedur(,. l'rodu('t 1)aht Sh(,(,t No. Pl)-TB-

85411, Alliod Chem. ( :orp., July 1958.

ANON.: Liquid Propollant, ,qaf(_ty ,-Manual, Apl,1. Phys. Lab., Johns Hopkins Univ.,

(Jet. 1958.

ANON.: /_I('leoro[ogy and Atomic En(_rg, v. Ropl. No. A]",CU-3066, Woath(,r Bur.,

Wash., D. C., July 1955.

AOYA.MA, SIIIN-ICttl; AND KANI)A, Eizo: Studies on Fluorine at Low T(m_t)(q'aluros.

II. V'tpor Pressure of Fluorino. C'h('m. So('. Japan Bull., vol. 12, no. 9, 1937,

I)P. 416-419.

BalmOW, R. F.; AND CAU._T, A. D.: The l_llr:t-Vioh,l AI)sorption Spe0tra of Some

Caseous Alkali-Metal Halidos and the I)issovialion Energy of Fluorin< Pro('.

Roy. Soe. (London), set. A, vol. 219, no. 1136, Aug. II, 1953, pp. 120-140.

BAXTER, ,]. P.: Fluorine Te,_'hnology, New Souih Wales l_niversity of Technology,

Re','. Pure and Appl. Chern. (Australia), vol. 2, no. 4, Dee. 1952, I)P. 203-211.

BERNSTEIN, _{ICIiARD B.; ANI) _I';T1,AY, MAX.: N()II_! of lhe I,;l(,vlron Affinity of

Fluorino. J. (?horn. Phys.. vol. 19. no. 12, Doe. 1951, t). 1612.

BttAs1"¢:D, R. C.: The Halo_ons, Vol. III of ComlJrohonsive Inorganic Chomistry,

M. C. Sn(,od, J. I,. i,owis, and R. (!. l'_rasl(!(t. (,(Is.. 1). Van Noslrand ('o.. In('.,

1954.

B_iowx, M, H,: Resistance of Materials to Fluorine and Hydrog(m Fluorid('. Rel)t.

No. MDDC-144. AEC.

]{URFORI), W. B., 111; aNq) HAMILTC, N, J. M., Jm: ])isl)osal of Fluorine by Caustic

S(,rul>bing,. Pr(,par:tlion, Propm'tios, and To('hnolocy of Flu<)rin[, an<l Organic

Fluoro (?ompounds, Vol. I, C. Sless(,r and S. R. Schram. eds., McGraw-Hill Book

Co,, Inc., 1951, pl)- 198-203.

I{UTKOV, K. _r; a.N D I{OZI_:NI_M.IM, 11. B.: Vibrali(m I"r(,qu(mcy of the Atoms in a

Fluorin(_ Molo(:ul(!, lira Thl'rmodynami(' Fun('tions of Fluorine and lhe Equilib-

rium Constant F _ 2F in the Teml)erature Intcrwd of 298.1 ° to 5000 ° F. J. Phys.

Chem. (U.S.S.R.), vol. 24, 1950, pp. 706-713.

255



25(] HANDLINGANDUSEOFFLUORINEANDFLeX

CABANISS, J. H,; AND WILLIAMSON, J. G.: A Literature Survey of tile Corrosion of

Metal Alloys in IA(luid and Gaseous Fluorine. NASA TM X-54612, 1963.

C,un', GEORGE HAMILTON: Reaction of Fluorine with Water and with Hydroxides.

J. Am. Chem. St)c, eel. 57, no. 2, Feb. 6, 1935, pp. 246--249.

C:,t)Y, G. 11.: Fr(,(,zing Points and V_q_or Pressures of tim 5ysl(,m l)otassium Fluo-

ride-Hydrog(,n Fluoride. J. Am. Chem. So(,.., eel. 56, no. 7, July 5, 1934, pp. 1431-

1434.

CADY, (i. H. ; .AND HILDEBRAND, J. H. ; The Vat)or Prt,ssure and ('ritical Temperature

of Fluorine. J. Am. Chem. See., voh 52, no. 10. Oct. 1930, Pl) 3839-3843.

GAUNT, h. D.; AND 12IARRO_', R. F.; The Heat of Solution of Thallous Fluoride and

the Dissoci.aion Energy of Fhmrine. Trans. Farady So_.., eel. 46, 154-156,

Feb. 1950.

CLAUSSEN, WILLIAM H.: The Vapor Pressure of Fhl(u'ine. J. Am. Chem. Soc.,

eel. 56, no. 3, Mar. 7, 1934, pp. 614_i15.

CLOYD, D. R. ; .AND _IURI'ltY, W. J., eds.: Handling tlazardou,'. Mat,rials-Technology

Survey. NASA SP-5032, 1965.

COLE, LELAND G.; F*RSEa, M.; AND ELVERUM, G. _V., Jll.: Th[.rmodyimlnic Proper-

ties of the Fluorine Atom and the Molecule and of itydrogen Fluoride to

5000 ° K. J. Chem. Phys., eel. 20, no. 4, Apr. 1952, Pl). 586

CUB1CCIOTTI, DAN1EL D.; AND Hem, H.: The Vapor Pres._urcs and 1)ensities of

I,iquid Fluorine-Oxygen Mixtures. Rept. No. NAA-AE'I{-Momo-l173, AEC,

Nov. 19, 1954.

CURREN, ARTI1UR N.; Pinch:, HAROLD G., JR.; *_'D 1)otr(;L_ss. H.w.Am_ W.: Analysis

of Effects of Rocket-Engine Design Parameters on R_,lzont'r:tliv('-Cooling Calm-

biliiies of Several Propelhmts. NASA TN D-66. 1959.

DAVENPORT. S. J.; AND _,IORGIS, G. G.: Review of I,it(,ralur(, _m tl(,alth Hazards of

Fluorine and Its Compounds in the Mining and Allied Induslri(,s. Info. Cir.

No. 7687, Bur. Mines, June 1954.

DF, WIT'r, RICHARI:' L.; AND SCHI_,IIDT, HAROt,t, W.: Experim,,ntal Evahmtion of

Liquid-Fhmrine System Components. NASA TN 4-1727. 1963.

DIN, F.; AND CIX:KV;TT, A. H.: Low-Temperature Techniques. Intersci. Pub., Ine.

1960.

DOESCHEI.I, RUSSELL N.: The Heat of Dissociation of Fluorine. ,J. Chem. Phys.,

tel. 20, no. 2, Feb. 1952, pp. 33Cc-334.

DOESCtlER, RUSSELL N.: The Heat of Dissociation of Fhtorine. J. Ch(,m. Phys.,

eel. 19, no. 8, Aug. 1951, pp. 1070-1071.

I)OC(;LASS, ttowAm) W.: Experim_'ntat t'(,rformance of Liquid Fluorine--Liquid

Anmmnia Propellant Colnbination in 1000-P[mnd-Thrust Rocket Engines. NACA

RM 1';54(717, 1954.

DYKSTRA, JoE; TIIOMP,_ON, B. H.; :_v,'t) P:_,l{]S, W. ('.: A 25-P,)un,l-P,r-Iiour Fluorine

Phmt. Intl. and Eng. Chem., eel. 50, no. 2, Feb. 1958, pp. 18l 186.

l"mxEn, M.: Stabilily of Refractories in Hydrogen-Fluorin(, Haines. Am. Ceram.

So:_. J., eel. 44, no. 1, Jan. 1961, pp. 7 12.

EI)sn, Rui)oLPit : The Thermodynamic Functions of the I lal,_g,,ns and the Hydrogen

Hali(h's. Rt'pt. No. F-TR-2250-IA, (.?l,lltl':tl Air I)(wuml,nls ()Itice, Nov. 1949.

El,v_.muM, (h,:RALD W., ,h_. ; ._N_) DoEst're,st, lltrssl.:LL N. : Pl:ysic:tl I)r(q_ert ies of Liqui(l

Fhlorine. d. Chem. Phys., eel. 20, no. 12, Dee. 1952, pp. 1Nt4-1836.

EmcsoN, G. L.; l¢()Yi), W. K.; ,.xl) M1H.EtL t'. 1).: (?ort()si_)n of Titanium and

Titanium-Base Aih)ys in Liquid and (;ase(ms Fhlorin(,. R(,pt. No. NP-6729,

BattElle Memorial Inst., Apr. 30, 1958.



BIBLIOGRAPHY 257

EmKSE_, NILS: A Study of the Lethal Effect of the Inhalation of Gaseous

Fluorine (F_) at Concentrations from 100 ppm to 10,000 ppm. Rept. No. M-1889,

AEC, Oct. 1945.

I':,IKSEN, NILS: A Study of the Toxicological Effects of the Inh.dation of Gaseous

Fluorine at an Approximate Concentration of 8 mg/m. 3 Rept. No. M-1814, AEC,

Oct. 1945.

ERIKSEN, NILS: A Study of the Toxicological Effects of the Inhalation of Gaseous

Fluorine at a Concentration of Approximately 3 mg/m. "_Rept. No. M-1874, AEC,

()_:t. 1945.

ERIKSEN, NU.S: A Study of the Toxicological Effects of the Inhalation of Gaseous

Fluorine at a Concentration of Approximately 25 mg/m. '_Rept. No. M-1827, AEC,

Sept. 1945.

ERIKSEN, NILS: A 31-day Study of the Toxicological Effects of the Inhalation of

Gaseous Fluorine at a Concentration of Approximately 0.8 mg/m. '_ Rept.

No. M-1890, AEC, Oct. 1945.

EUCKEN, A.; AND "_VIcKE, E.: Zur I)issozialionsenergie (los Fluors. (The Dissocia-

tion Energy of Fluorine.) Naturwissenschaften, bd. 37, 1950, pp. 233 234.

EVANS, M. Cr.; WARrtLrRST, E.; aN0 WHITT_,E, E.: The Dissociation Energy of

Fluorine. J. Chem. See. (London), pt. II, 1950, pp. 1524-1534.

EVANS, "$VILLIAM H.; MUNSON, TItOMAS a.; AND WAGMAN, DONALD O.: Thermo-

dynamic Properties of some Gaseous Halogen Compounds. J. Res. Natl. Bur.

Std., vol. 55, no. 3, Sept. 1955, pp. 147-164.

FAaBER, MILTON: Fluorine Solid Propellants. Astronautics, vol. 5, no. 8, Aug. 1960,

pp. 34; 40; 42.

FELLER, CHARLES E.; AND MoRar;Lb, (]ERAI.D: Investigation of Effect of Fluoride on

Corrosion of 2S-0 Aluminum and 347 Stainless Steel in Fuming Nitric Acid At

170 ° F. NACA RM E53IA7b, 1954.

FEaRY, J. L.: The Toxieity of Fluorine. Rept. No. AECD-3776, AEC, Nov. 29,

1955.

FORTINI, ANTIIONY; AND HUFF, VEARL N.: Theoretival Performance of I:iquid

Hydrogen and Liquid Fluorine as a Rocket Propellant for a Chamber Pressure

of 600 Poun<Ls per Square Inch Absolute. NACA RM E56L10a, 1957.

FRANCK, E. U.: Eine Neubestimmung der Breehzahl gasfSrmigen Fluors. (A New

Determination of the Refractive Index of Gaseous Fluorine.) Naturwissenschaften,

bd. 41, 1954, p. 37.

Fi_ANCK, E. U.: Zur Temperaturabhangigkeit der WiirmeMtfahigkeit einiger Gase.

(The Temperature Dependence of the Heat Conductivity of Several Gases.)

Z. Elektrochem., bd. 55. 1951, t)P. 636--643.

FRANCK, E. U.; AND STOBER, W.: Zahigkeit und molekularer Wirkungsdurehnwsser

des Fluors. (The Viscosity and Effe(.tive Molecular Diameter of Fluorine.)

Z. Naturforseh., b(t. 7A, Dec. 1952, pl ). 822-823.

FRANCK, E. U.; AND _VICKE, E. : (?t)er die Wi[rmeleitfahigkeit und die Dissoziation

des Fluors. (Thermal Conductivity and Dissociation of Fluorine.) Z. Elektro-

chem., bd. 55, 1951, pp. 6434i47.

FULTZ, ESTHER; _VHITF, I)AVID; AND JOHNSTON, HEaatCK L.: Kinetics, Thermo-

dynamics, Physieo-Chemical Properties and Manufacture of Fluorine and Its

Volatile Inorganic Compounds. Ohio State Univ., Aug. 19, 1952.

FURUKAW*t, GEORGE T.; AND MCCOSKEY, ROBERT E.: The Condensation Line of

Air and Heats of Vaporizalion of Oxygen and Nitrogen. NACA TN 2969, 1953.



258 IIANI)L1N(IAND USE OF FLUORINE AND FLeX

GAKIAq, P. S.; WHITE, g. I'2.; PaRx]_'s, J. E.; LIPPARI), ,1. R.; PI£REZ, E.; V1TERI, F.;

MENZn.:s, J. XV.; ]htM}LEY, R. ]'2. ; AND SOND{;I_.OWTn, M. J.: ]){,sign Handbook for

Litluid F'luorin{, (;round Handling Etluilmwnt. fit,pl. N,). TI(-60-159, WAI)D.

I)t,c. 1960.

GALL, JOHN F.: ]{{'c(qlt Advances in 1:lut)rine Clwmistry _md Tet:hnology. ARS

J., vol. 29. nt). 2, 1,'_,1). 1959, t)t}. 95-103.

G._aN_:a. CLIFF(}ItD S.; AND YOST, DON l\'l. : An Aiteml)l *,) ] ), t,_rminc_ the Electrode

P(}tential and l_anmn St)e{'trnm ()f Fluorin{,. Tlw l'2nlr_q,y of Fluorine. a. Am.

Chem. St)('.. vol. 59, no. t2, Dt,e. 14, 1937, I)p. 2738-2739.

(L_YDny, A i.vm,:i) (;ore)oN : I)issoeiati(m Vnergies and Sp(,,'tra of i)iat(mfi{: Molecules.

John WiLey & Sons, Inc.. 1947.

GEOIt{_E, H.: Pr{}l_(.rlies (}f Selected I{o{'ket Prol)ellants, x,d I. l/{'I}t. No. D2-11677,

Boeing ('o., 1963.

GILLEd, P._.UI, VU.; :_.NI) _]ARGR._.VE. JOIIN L.: The 1)iss_),'iali_n Vn_,rgy of Fluorine.

J. Chem. Phys., vol. 21, no. 2, Feb. 1953, 1)1). 381-382.

(_:ODX, VIN, TtIOMAS tV.; ANI) IA)RENZO, (?AI(I. F.: Igniti,m of S,.v:,ral Metals in

Fluorine. Pap[.r No. 740-58, ARS, 1!!58.

GORIN)N, SANFt;'RD: Theorelieal t{ock('t Pt,rfl)rman_'(, of ,II'-I Fuel with Sevtwal

Fhtorin('-(_xygen Mixtttres Assuming Equilibrium ('<,ml_t).-i_i,m. NACA fib{

E57K22, 1958.

C_OItl)ON, _ANFORI); _,ND I)RELL1SttAK, I',,%]NNETtt _.1 Tlw,_r[,tical fitmk(% Performanct_

of ,IP-4 Fut'l with Several Fluorine-()xy_zen Mixture's ;\_uming Frozen Com-

1)osition. N A('A ]tM E57G16a, 1957.

GORDON. S.t, N F(IRI); ;NIt I{UFF, VEARL i.: Theoretical t'('rf(wmanc*" of ,IP-4 Ftwl

with 76-30 Mixtun' of Fluorine and Oxy_zen as a ttock(q 1)rop(,llant. II--Equilib-

rium Composili[m. NACA RM E56F04. 1956.

GORDON, SANFOI/I); AND HUFF, VEAI{,L N.: TIworetieal P_rf()rnmnc, of JP-4 Fuel

with a 70-I%rc(,nt-Fhmrine--30-tYre(mi-()xy_en Mixlllre as _ Rot'ket Propellant.

I--Frozen Composition. NACA fiM F,56A13a. 1956.

(IORDON, NANFORD; ANI) I-tUFF, Vr:ARL N.: Tht,t)reti*':d P,,rfornmn('e of Liquid

Ammonia and Liquid Fluorine as a tlnt'ket: Prot)ell:mT. NA('A RM E53A26.

1953.

(lOnDON, SANFORD; AND HUFF, Vr:M_L N.: Theoretical tNrfiwnmneo nf Liquid-

Hydrazine anti Liquid Fluorin(, as a ttocket Prop('llani. NACA fiM E53E12,

1953.

GOIIDON, SANFORI) i ,_Nll _{1.TFF, VFARL N. : Tht,or( tieal t'm'formzm:'(' of Li(luid ttydro-

gen and I,iquid Fluorine as a Rockel Prol)ell:m|. NA('A RM E52L11, 1953.

GnRI3ON, S.-'_NFORD; AND HUFF, VEARb N.: Theoretie'd Peril)finance of Lithium and

Fluorine as a finekot Propellant. NACA fiM E51C01. 1957.

C_ORDON, SANFO|_.I); ANI) IIUFF, \:E._.I_.L N.: Theorelie:d Pcrformmee of Mixtures of

Li(luid Ammonia and Hydrazine "is Fuel with Liquid Flu(,rin¢" as Oxidant for

fio('ket En_sin(s. NACA tlM E53F08, 1953.

GORDON, SaNFORD; ANI_ K.4STNER, MWHAEI, F,.: Theort,_i(.al R, wket Performance of

Liquid M_,|ham, wilh Several Fluorine-Oxygen Mixtures Assuming Frozen Com-

l)osition. NA('A t{M E58B20, 1958.

GORDON, SANFOI¢I); AND _VILK1NS, fie(lEg L.: Theoreti:'td _Jaxilnnnl Performance of

Liqnid. Fluorim'- Liquid Oxygen. Mixtures with ,]P-4 as fi,wket Propellants.

NA('A RM E54It09, 1954.

GUNDZlK, RI('tL_.RI) _'I. ; AND FELLER, Ctb_,RLES E.: Corrnsit)l? of Melals of Construe-

tion by Altenmte Exposure to Liquid and Gaseous Fluorine. NACA TN 3333,

1954.



BIBLIOGRAPHY 259

H.4.4R,I,_:STr:R;ANDBECKETT,CHARI,E._W.:ThermalPropertiesof FluorineCom-
pounds:HeatCapacity,Entropy.HeatContentandFreeEnergyFunctionsof
DiatomicFluorinein theIdealGaseousState.Rept.No.1435,Nat.Bur.Stds..
Feb.1,1952.

H._,DY,W.F.;ALLEN,G.P.;SI,INEY,_I.E.;ANDJOHNSON,Ft.L.: Friction,Wear,
andI)ynamicSealStudiesin LiquidFluorineandLiquidOxygen.NASA
TND-2453,1964.

HAENI)I.ER,H.l_I.; ]:{ARTRAM,S.F.;]_ECKER,R.S.;]]I_:RNARD,W.J.;ANDBUKATA,
S.W.:TheReactionofFluorinewithTitanium.Zir('ommn.andtheOxidesof
Titanium(IV),Zirconium(IV),andVanadium(V). J.Am.Chem.See.,col.76,
no.8,Apr.27, 1954, pp. 2177-2178.

HAENI)LER, H. M.; BARTItAM, S. F.; ]_ERNARD, \V. J.; AND KIPPAX, D.: The Reaction

of Fluorine with Tin, Its Oxides and Sulfides. J. Am. Chem. See., col. 76, no. 8,

Apr. 27, 1954, pp. 2179-2180.

H),GE. KEITH 1).; .aND ]]OWNE, NORMAN ]_:.: Preliminary Estimates of Environ-

mental Exposure for Fuel "md Exhaust Products. Vol. 1. Pt. 1--Mctho(L_ and

Prclimin,_ry b:stimates for MSFC; Pt. 2. Recommended Experimental Design for

MSFC. Travelers Res. Center (NASA CR-62258), 1965.

H.*U(;EN, DUANE A.; ANI) TAYI,OR, JOHN H., EDS.: The Ocean Breeze anti Dry Gulch

l)iffusion Programs. Vol. II. Ftept. No. AFCFtL-63-791, Air Force Cambridge

Ftes. Labs., Dec. 1963, pp. 8-10.

H,_ZEI.mNE, R. N.; :_ND SHARPE, A. G.: Fluorine and Its Compounds. John Wiley &

Sons. In:., 1951.

HEn)MANN, _. F.: A Study of Injection Processes for 15-Percent Fluorine--

85-Percent Oxygen and Heptane in a 200-Pound-Thrust Rocket Engine. NACA

FtM E56Jll, 1957.

Hu, JII[-HEN(_; WH]TE, D,_VID; .*NI) JOHNSTON, HERmCK L.: Con(lensed Gas

Calorimeiry. V. Heat Capacities, Latent Heals and Entropies of Fluorine from

13 ° to 85 ° K; Heal of Transition, Fusion, Vaporization and Vapor Pressures of

the Liquid. J. Amer. Chem. See., voh 75, Nov. 22, no. 20, 1953, pp. 5642-5645.

HI', JIH-HI-;Nt;; WHITE, DAVID; AND JOIINSTON, HERRICK L.: Heat ('apaeities,

l.atent Heats and Entropies of Fluorine from 13 ° to 85 ° K; Heals of Transition,

Fusion, Vaporization and Vapor Pressures of the IAqui(l. FteI)t. No. TFt-293-23,

Ohio State Univ., Apr. 20, 1953.

HUFF, VE._ltb N.; GOaDON, SANFOI_; AND MOaaELb, VIROINIA E.: General Method

•rod Thermodynami[. Tables for Coml)utation of Equilibrium Composition and

Temperatures of Chemical Reactions. NACA Reel. 1037, 1951. (Supersedes

NACA TN's 2113 an(t 2161.)

HuFv, Vt:.UlL N.; AND (;ORDON, S.*NFORI): Theoretical Rocket Performance of JP-4

Fm,l wiih Mixtures of Liquid Ozone anti Fluorine. NACA RM E56K14, 1957.

JA(:KSON, R. B.: Corrosion of Metals and Alloys 1)y Fhtorine. Rept. No. NP-8845,

Allied Chemi('al Corp., Mar. 1960.

,l._.Rlt'z', FtOX;ER L.; AND _{II,I,ER, HENItY ('.: The 1)ensily of Liquid Fluorine Between

67 ° and 103°K. J. Am. Chem. So(:., col. 78, no. 8, Apr. 20, 1956, l)l). 1552-1553.

KAND._, E.: Studies on Fluorine at Low Temperatures. V. Viscosity of Fluorine

Gas at Low Temper:ttures. Bull. Chem. Soc. Japan, col. 12, no. 10, 1937, pp. 463-

468.

KAND:% E.: Studios on Fluorine at Low Temperatures. VI. Surface Tension of

Liquid Fluorine. Bull. Chem. So:'. Jal)an, col. 12. no. 11, 1937, pp. 469472.

K_ND..L E.: Stutli_,s on Fluorine at I,ow Temperatures. VII. I)etermination of

Dielet:trie Constants of Condensed Gases. Bull. Chem. Soc. Japan, col. 12, no. 11,

1937, pp. 473_179.



260 HANDLING AND USE OF FLUORINE AND FLeX

KANDA, E.: Studies on Fluorine at Low Temper:ttures. VIII. l)etermination of

Molecular Heat, tteat of Fusion of Condensed Flnorine and the Entropy of

Fluorine. Bull. Chem. Soc. Japan, vol. 12, no. 12, De(:. 1937, pp. 511-520.

KAPUSTINSKII, A. F.: Dissociation Energy of Fluorine M,h,cules Versus the Rule

of Thermoch(,mical Logarithmicity. Trudy Moskov. t,:im. Tekhnol. Inst. im.

D. I. Mendeleev, no. 22, 1956, pt >. 17-20. (Chem. Abs., vet. 51, 1957, 16070%)

KILNER, SCOTT B. ; RANIIOLPH, CARL L., JR.; AND (]ILLENPIE, [{OI.LIN _V.: The Density

of Liquid Fluorine. J. Am. Chem. See., vol. 74. no. 4. F(,t). 21, 1952, pp. 1086-

1087.

KLEINBI,:RG, SIDNEY; TOMPKINS, JAMES F.. JR.; SIN(H.ET()N, A. 1t.; AND STERNER,

C J.: The Properties and Handling of Fluorine. Rept. No. ASD TDR 62-273.

Air ProducLs and Chemicals, Inc., Oct. 1963.

LANDAU, RALPH : Corrosion by Fluorine and Fluorine Comf),mnds. Corrosion, vol. 8,

1952, pp. 283-288.

LANDAU, RALPH; AND ROSEN, RAPHAEL: Fluorine Disl,osal ('ontimmus Process.

Ind. Eng. Chem., vol. 40, no. 8, Aug. 1948, pp. 1389-1393.

L.a,NDAU, R.; AND ROSEN, R.: Industrial Handling of Fluorine. Preparation, Proper-

ties and Technology of Fhiorine and Organic Fhioro ('omt_ounds, C. Slesser and

S. R. Schram, eds.. M(!Graw-Hill Book Co., Inc.. 1951. i)p 133- 157.

LATIMER, WENDELL MITCHELL: The Oxidation States of the Elements and Their

Potentials in Aqueous Solutions. Second ed., Prentic,-ilalt, Inc., 1952.

LATIMER, \VENDELL M.: The Potential of ttw Fluorine Electrode from Thermal

Data. J. Am Chem. See., vol. 48, no. ll, Nov. 1926, liP. 2868 2869.

L.*,WTON, EMIL A.; ROIERS, H. H.; AND JOHNSON, J. H.: Research in Fluorine

Chemistry. Rept. No. R-3505, Roeketdyne, Mar. 30, 1962

LEEC'tt, H. R.: Some Advances in Fluorine Chemistry. Ib_s('ar(4L vol. 5, 1952,

pp 499-555.

LEECH, H. R.: The Development of Fluorine Production. Res('arch, vol. 5, 1952,

pp. 108-115.

McBEE, E. T., ET AL. : Fluorine Chemistry. Ind. t"ng. (?h_,m , v.d 39, no. 3, Mar. 1947,

pp. 236434. (Papers Presented at Symposium on Flu()rme ('h(mistry, Am. Chem.

See., Chicago (Ill.), Sept. 1946.)

McBRIDZ, BONNII,: J.; HEIMEL, SttI':LDON ; EHLFRS, JANET ('t. ; AND GORDON, SANFORD:

Thermodynanfi[' Properties to 6000 ° K for 210 Sul)stan('[s Involving the First 18

Elements. NASA SP-3001, 1963.

MELLOR, J. W.: Comprehensive Treatise on Inorganic :rod Theoretical Chemistry,

Suppl. II, Pt. I, Longmans, Green and Co., 1956, p. t38.

METLAY, MAX; AND KIMBALL, GEORGE E.: Ionization Processes on Tungsten Fila-

ments. II. The Absorption of Fluorine on Tungsten. J. Chem. Phys., vol. 16,

no. 8, Aug. 1948, pp. 779-781.

MOORF, CHAIILOTTE E.: Atomic Energy Levels, "Is I)(,riv['d from tim Analyses of

Optical Spectra. Vol. I. Cir. No. 467, Natl. Bur. Std., Apr. 15. 1948.

MURPHY, GEORGE M.; AND RUBIN, E.: The Entropy of Flu.rine. ,1. Chem. Phys.,

vol. 20, no. 7, July 1952, Pl). 1179-1180.

MURPHY, GEOR(;t': M. ; AND VANCE, JOtlN E. : Thernmdynanfic Functions for Fluorine.

J Chem. Phys., vol. 18. no. 11, Nov. 1950, pp. 1514-1515.

MURPHY, GEORGE M.; AND VANCE, JOHN E.: Thermodynamic Properties of Hydro-

gen Fluoride and Fhmrine From Speetros/'opic Data. J. Chem. Phys., vol. 7,

no. 9, Sept. 1939, pp. 806-810.

MYERS, W. R.; AND 1)r:Lo_6, W. B.: Fluorine Corrosion. Chem. Eng. Prog.,

vol. 44, no. 5, May 1948, pp. 359-362.



BIBLIOGRAPHY 261

NAMIKAWA,K.; ANDPETROZZI,P.J.:PropertiesofFluorine.Rept.No.92004-64,
AerojetGeneralCorp.Jan.23,1964.

NEUMARK,H. R.,AND HOLLOWAy, F. L.: Fluorine Tamed for Rockets. Missiles

and Rockets, vol. 2, Sept. 1957, pp. 97-100.

ORDIN, PAUL M.: Transportation of I, iquid Fluorine. NACA RM E55123, 1955.

ORDIN, PAUL M.; DOGe, LASS, HOWARD W.; AND ROWE, WILLIAM H.: Investigation of

the Liquid Fluorine--Liquid Diborane Propellant Combination in a 100-Pound-

Thrust Rocket Engine. NACA RM E51104. 1951, p. 16.

OTTO, EDWARD W.; AND FLAGE, RICHARD A.: Control of Combustion-Chamber

Pressure and Oxidant-Fuel Ratio for a Regeneratively Cooled Hydrogen-Fluorine

Rocket Engine. NASA TN D-82, 1959.

PIERSON, P_AYMOND H.; FLpTCHER, AarON N.; ANn GANTZ, E. ST. CLAIR: Catalogue

of Infrared Spectra for Qualitative Analysis of Gases. Anal),. Chem., vol. 28,

no. 8, Aug. 1956, pp. 1218-1239.

POTTER, ROBERT L.: Thermodynamic Functions of Some Simple Fluorine Com-

pounds. J. Chem. Phys., vol. 26, no. 2, Feb. 1957, pp. 394-397.

POTTER, ROBI.'RT L.: Thermodynamic Properties of Oxygen Fluoride and Chlorine

Fluoride from Spectroscopic Data. J. Chem. Phys., vol. 17, no. 10, Oct. 1949,

pp. 957-959.

PRICE, HAROLD, G., Jr.; AND DOUGLASS, HOWARD W.: Material Compatibility with

Gaseous Fluorine. NACA RM E56K21, 1957.

PRICE, HABOLD G., Jr.; AND DOUOLASS, HOWARD W.: Nonmetallic Material Com-

patibility with Liquid Fhlorine. NACA RM E57G18, 1957.

RICHARDS, HADLEY T.; .AND HANSON, MORC:AN P.: Influence of Fluorine Environ-

ment on the Mechanical Properties of Several Sheet Alloys. NASA TN D-1706,

1963.

RICKEY, RONAI_ P.: Decontamination of Large Fluorine Spills. Rept. No. TR-59-31,

Air Force Flight Test Center, Oct. 1959.

ROLLBUHLER, R. JAMES; KINNEy, GI_;ORGF R.; .AND LEOPOLD, LORENZ C.: Field

Experiments on Treatment of Fluorine Spills with Water or Soda Ash. NASA

TN D-63, 1959.

Ross, C. C.; AND BANEBIAN, GORDON: Some Aspects of High-Suction Specific-Speed

Pump Inducers. Trans. ASME, vol. 78, no. 8. Nov. 1956, pp. 1715-1721.

ROSSINI, FREDERICK D.; ]VAGMAN, DONALD D.; EVANS, WILLIAM H.; LEVINE,

SAMUEL; AND JAFFE, IRVING: Selected Values of Chemical Thermodynamic Prop-

erties. Cir. No. 500, Natl. Bur. Std., Feb. 1, 1952.

ROTtIENBERG, EDWARD A.; AND DOVe, LASS, HOWARD W.: Investigation of the Liquid

Fluorine--Liquid Ammonia Propellant Combination in a 100-Pound-Thrust

Rocket Engine. NACA RM E53E08, 1953.

ROTHENBERG, EDWARD A.; .AND ORDIN, PAUL M.: Preliminary Investigation of

Performance and Starting Characteristics of Liquid Fluorine--Liquid Oxygen

Mixtures with Jet Fuel. NACA RM E53J20, 1954.

RUD(_E, A. J.: Preparation, Properties and Handling of Elementary Fluorine. Chem.

and Ind., Apr. 16, 1949, pp. 247-253.

RODORFF, W.: Graphite Intercalation Compounds. Vol. I of Advances in Inorganic

Chemistry and Radiochemistry, H. J. Emel6us and A. G. Sharpe, eds., Academic

Press, Inc., 1959, pp. 223-264.

RUSSELL, LOUIS M.; SCHMIDT, HAROLD W.; A_D CLARKE, ROBERT A.: Reaction

Characteristics of Spills of Fhlorine and Fluorine-Oxygen Mixtures Upon Various

Materials. NASA TN D-3118, 1966.



262 HANDLING AND USE OF FLUORINE AND FLeX

RUSSELL, Lou:lS ]_1.; _'THMIDT, H._ROLD W.; AND GORI_ON, LAP,R¥ H.: Compalibility

of Polymeric Materials With Fluorine and Fluorim,-Oxyg(,n Mixtures. NASA
TN D-3392. 1966.

SANDERSON, t/. T.: The Dissociation Energy of Fluorim,. ,I. (!hem. Phys., col. 22,

no. 2, Feb. 1954, pp. 345-346.

SCH__ImT, HAROt,D W.: Compatibility of Metals with Liquid Fluorine at High

Pressuws "ln(t Flow Velocities. NACA RM E58Dll. 1958.

SCItMIDT, HAF:OLD W.: Design and Operating Crileria for Fluorine Disposal by

Reaction with (_harcoal. NASA MEMO 1-27-59E, 1959.

SCHMIDT, H_ROI,D W.: Reaction of Fluorim, wiih Carb,,n :is _ Moans of Fluorine

Disl?osal. NACA RM E57E02, 1957.

SCHMIDT, HAROI,D W.; AND ROTHENBERG, EDWAm) A.: Some Problems in Using

Fluorine in Rocket SysWms. Spec. Rf'pt. No. 12, Pro('. Propi, llant Therlno-

dynamics and Hamlling Conf.. Ohio State Univ., Jmn' 1960, iq). 183-202.

SEAVER. ROBERT. E.: Cryogenic Solutions and Solnl)iliti¢,s iD [,i,ltU,t Fluorine. NASA

TN D-2286, 1964.

SHARPE, A. G.: S(ime General Aspet, ts of the Inorganic' Ch(,mistry of Fluorine.

Quart. R(ws., (London), col. 11, 1957, pp. 49_30.

SXMONS, J. It., ED.: Fluorine Chemistry. Acad_'mic Pr¢.s_, In,', Vol. I, 1950; Vol. II,

1954.

SIMONS,, J. H.; ._ND BLOCK, L. P.: Fluorocarbons. The tb a(.iion of Fluorine with

Carbon. J. Am. Cheln. See., col. 61, no. 10, Oct. 9, 1939. Pt'. 2962-2966.

SLABEY, \rERNON i. ; AND FLETCHER, EDW,4RD A. : Rate of I(('a('t ion ,if Gaseous Fluo-

rine with Water Vapor at 35 ° C. NACA TN 4374, 1958.

SLESS_:R, CHnRLES; A.','D SCHRAM, STUART R.: Preparalii)n, Prol)erties, and Tei!h-

nology of Fhmrim, and Organic Fluoro Coinpmmds. Mc(iraw-tIill Book Co., Inc.,

1951, p. 134.

SMYTII, HENRY F., JR.; HATCH, THEODORE F.; JACOBSEN, KEITH H.; KEPLINGER,

_()RENO L.; AND PRIN(:I. FRANK: Basis for Establishing t':IJwrg(,ncy Inhalation

Exposure Limits Applicable to Military and Slxw_" Ch_'mi,_:ds. Nat. Acad. Sci.,

Nat. Res. Coum'il, 1964.

STA('EY, _.; TATLOW, J. C.; AND SHARPE, A. G., EDS.: A(t_.:U/('('# in Fluorine Chem-

istry. A['ad_'mic Pwss, Inc., Vol. I, 1961 ; Vol. II, 1962.

STEINDLER, _,IARTIN J.; AND VOGEL, RICIIARI, C.: (_orri)_ion of Materials in the,

Presence of Fluorim" :it Elevate(t Telnp_,ratur¢,s. tlel)t. N[_. ANL-5662, Argonne

Nat. Lab., Jan. 1957.

STERN, G.; ._,ND BI_OWN, W. R.: Chemical R(,a('tions of Various Fluorine Systems.

Rept. No. GAT-244, Goodyear Atomic Corp., Jan. 9. 1959.

STERNER, ('tfA[_l.l!.S J.; AND SINGLETON, ALaN H.: Th(' ('[_m;)alibility of Various

Metals and Carb()n with Liquid Fluorine. R['l)t. No. TR-60-436, WADD. Aug

1960.

STERNER, C. J.; AND SINGLETON, ALAN H.: The Comp:tiihiliLv of Various Metals

wilh ],iquiit Fluorine. Rept. No. TR-60-819, WADI), Mar. 1961.

SVOKINGER. HE_BERT E.: Toxicity Following Inhalation (d" Huorinc and Hydrogen

Flui*ridc. Vol. I of Pharmacology and Toxicology [,f (:raIiiuln Compounds,

C. Voegtlin and H. C. Hedge, (!ds., McGraw-Hill Book (?o., Inc., 1949, pp. 1021-

1057.

WHITE, I)AVlD; HU, JIlt-HENri; ANI) JOtINSTON, H_:RRI_:K ]_.: The Density and

Surface Tension of Liquid Fluorine Between 66 ° and 80 ° b:. J. Amer. Chem. Soc.,

col. 76, no. 9, May 5, 1954, pp. 2584-2586.



BIBLIOGRAPHY 263

WHITE, EARL L.; AND FINK, FREDERICK W.: Materials of Construction for Handling

Fluorine. Spec. Rept. No. 12, Prec. Propellant Thernmdynamies and Handling

Conf., L. E. Bollinger and A. W. Lemmon, Jr., eds., Ohio State Univ., June 1960,

pp. 161-181.

WICKE, E.: The Dissociation Energy of Fluorine. J. Phys. Chem., eel. 56, No. 3,

Mar. 15, 1952, pp. 358-360.

WIeKE, E.; AND FRANCK, E. U.: Physikalisehe-chemisehe Eigenschaften des Fluors.

(Physical-Chemical Properties of Fluorine.) Angew. Chem., bd. 66, no. 22, Jan.

1954, pp. 701-710.

WICKS, E.; AND Falz, H.: Die Dissoziationsenergie des Fluors nach der Explosions-

methode. (The Dissociation Energy of Fluorine by the Explosion Method.) Z.

Elektrochem., bd. 57, 1953, pp. 9-16.

WINTUCKY, WILLIAM T.: Analytical Comparison of Hydrazine with Primary Pro-

pellants as the Turbine Drive Fluid for Hydrogen-Fluorine and Hydrogen-Oxygen

Altitude Stage Rockets. NASA TN D-78, 1959.

WISE, HENRY: Measurement of the Heat of Dissociation of Fluorine by the Effu-

sion Method. J. Chem. Phys., eel. 20, No. 5, May 1952, p. 927.

WISE, HENaY: Measurement of Heat of Dissociation of Fluorine by the Effusion

Method. J. Phys. Chem., eel. 58, no. 5, May 21, 1954, pp. 389-391.





APPENDIX

TEMPERATURE INTERCONVERSIONS

AT

°K,°C ...... I 2 4 ] 5

°R,°F ...... 1.8 3.6 7.2 1 9.0
°K,°C ...... 6 7 9

°R, °F ...... 10.8

4

lO

12.6 | 14.4 _ 16.2 18.0

AT

°R,°F ...... 1 2 3 I 4 _5

...... 1 i3 ] 14

oK,°c ...... 5.56J :11I 667r r 7.78: 8.33 [ 8.89 I 9.44 i10.00

10

2O

3O

4O

oK

3.16

5.38

5.55

10.94

11.11

13.16

16.40

16.67

22.05

22.22

23.16

27.60

27.73

33.16

33,33

33.72

38.89

43.16

--270

--260

--250

--240

--230

°C

--273.16

--267.78

--26781

--263.16

--262.22

--262.05

--256.67

--256.49

--253.16

--251.11

--250.94

--245.56

--245.38

--243.16

--239.83

--234.44

--234.27

--233.16

--450

--440

--430

--420

--410

--400

--390

o F

--449.69

--441.69

--439.69

--436.00

--429.69

--423.69

--419.69

--418.00

--409.69

--405.69

--399.69

--389.69

--387.69

--382.00

o R

0

5.69

9.69

10

18.00

19.69

20

23.69

29.69

30

36.00

39.69

4O

41.69

49.69

5O

54,00

59_9

60

69.69

70

72.00

77.69

265
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TEMPERATURE INTERCONVEI_S1ONS--(_ont mued

--°It, _F __i_i_ 10.8 --12.6_-_-- 1_4-- ! " 162 18_0_--

--o°Ri- oF ]___]_! 10 '+ il _12- 13-'_,_ 14..... 15 16 " 17 _ ....

o K

44.27

44.44

49.83

5O

6O

7O

SO

9O

100

53.16

55.33

55.56

60.94

61.11

63.16

66.49

66.67

72,05

72.22

73.16

77.60

77,78

_3,16

83.33

88.72

88._9

93.16

94.27

94.44

99.83

--220

--210

--200

--- 190

--180

103.16 --170

105.38

°C

--228.89 --380

--228.72

--223.33 --370

--223.16

--217.73 --360

--217.60

--213,16

--212.22 --350

--212.05

--206.67 --340

--206.49

--203.16

--201.11 --330

--200.94

--195.56 --320

--19538

--193.16

--310

--189.83

--184.44 --300

--184.27

--183.16

--178.89 --290

--178.72

--173,33 --280

--173.16

--16738 --270

°F

--379.69

- 369.69

-- 36,1.00

--359 6!_

--351.69

--349.69

--346 .O0

33(`}.69

--333,09

--329,69

--328 00

--319.69

--315.69

309.69

--299.69

--297.6(,)

--292.OO

--289 69

--279 69

--274,00

o R

79.69

80

89.69

90

95.69

99.69

100

108.OO

109.69

110

113.69

119.69

120

126.OO

129.69

130

131.69

139_9

140

144.00

149.69

150

159.69

160

162.00

167.69

169.69

170

179.69

180

185.69

189.69
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TEMPERATUREINTERCONVERSIONs--Continued

110

120

130

140

150

160

170

180

100

°K °C °F oR

105.56 190

110.96

111.I1

113.16

116.49

116.67

122.05

122.22

123.16

127.60

127.78

133.16

133.33

138.72

138.89

143.16

144.27

144,44

149.83

153.16

155.33

155.56

160.94

161.11

163.16

166.49

166.67

172.05

172.22

173.16

177.60

177.78

183.16

183.33

188.72

188.89

193.16

194.27

194.44

199.83

--160

--150

--140

--130

--120

--110

--100

--00

--8O

--167.60

--163.16

--162.20

--162.05

--156.67

--156.49

--153.16

--151.11

--150.94

--145.38

--145,38

--143.16

--139.83

--134.44

--134.27

--133.16

--128.89

--128.62

--123.33

--123.16

--117.73

--117.60

--113.16

--112.22

--112.05

--106.67

--106.49

--103.16

--101.11

--100.94

--95.56

--95.38

--93.16

--89.83

--84.44

--84.27

--83.16

--78.89

--78.72

--73.33

--269.69

--261.69

--260

--259.69

--256.00

--250

--249.69

--243.69

--240

--239.69

--238.00

--230

--229.69

--225.69

--220

--219.69

--210

--209.69

--207.59

--202.00

--200

--199.69

--190

-- 189.69

--184.00

--180

--179.69

--171.69

--170

-- 169.69

--166.00

--160

-- 159.69

-- 153,69

--150

--149.69

--148.00

--140

-- 139.69

--135.69

--130

-- 129.69

--120

--119.69

--117.69

--112,00

--110

--109.69

--100

198.00

199.69

200

203.69

209.69

210

216.00

219.69

220

221.69

229.69

230

234.00

239.69

240

249.69

250

252.00

257.69

259.69

260

269.69

270

275.69

279.69

280

288.00

289.69

290

293.69

299.69

300

306.00

309.69

310

311.69

319.69

32O

324.00

329.69

330

339.69

340

342.00

347.69

349.69

350

359.69
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°K, °C ......

OR, °F ......

°K, °C ......

OR, °F ......

TEMPERATURE IN TERCONVERS]O N s--Cont inued

AT

1.8 3.6 7.2

10.8 12.6 ,

9.0

10

18.0

oR,°F......

_K_C -- 5_ 6.11 ]6.67...... L .___ " "

AT'

222_2.784 3.33___ .v13"89. 4.44 5.00
_3-_14_i5 ; i6 " 17 18

7.22 7.78_8133 T _.89-' 9.44 10.00

200

210

220

230

240

25O

260

°K

203.16

205.33

205.56

210.94

211.11

213.16

216.41

216.67

222.05

222.22

223.16

227.60

227.78

233.16

233.33

238.72

238.89

243.16

244.27

244.44

249.83

253.16

255.38

255.56

260.94

261.11

--7O

--00

--5O

--40

--3O

--20

°C

--73.16

--67.78

--67.60

--63.16

--62.22

--62.05

--56.67

--56.49

--53.16

--51.11

--50.94

--45.56

--45.38

--43.16

--39.83

--34.44

--34.27

--33.16

--28.89

--28.72

--23.33

--23.16

--17.78

--17.60

--13.16

--12.22

--12.05

°F

_-99.69

--94.00

--90

--89.99

--81.69

--80

--79.69

--76,00

--70

--69.69

--63.69

--60

--59.69

--58,00

--50

--49.69

--45.69

--40

--39 fi9

--30

--29.69

--27.69

--22.00

--20

--19.69

--10

--9 £)9

--4.00

0

.31

8.31

10

10.31

o R

360

365.69

369.69

370

378.00

37989

380

383.69

389.69

390

396.00

399.69

400

401.69

409.69

410

414.00

419.69

420

429.69

430

432.00

437.69

439.69

440

449_9

450

455.69

459.69

460

468.00

469_9

470
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TEMPERATURE INTERCONVERSlONs--Continued

269

270

280

290

300

310

320

330

340

350

°K °C °F °R

--10263.16

266.49

266.67

272.05

272.22

273.16

277.60

277.78

283.16

283.33

288.72

288.89

293.16

294.27

294.44

299.83

303.16

305.38

305.56

310.94

311.11

313.16

316.41

316.67

322.05

322.22

323.16

327.60

327.78

333.16

333.33

338.72

338.89

343.16

344.27

344.44

349.83

353.16

355.38

355.56

10

2O

--6.67

--6,49

--3.16

--1.11

--.94

4.44

4.62

6.84

10.17

15.56

15.73

16.84

21.11

21.28

26.67

26.84

30

32.22

32.40

36.84

37.78

37.95

40

43.33

43.51

46.84

48.89

49.06

50

54.44

54.62

56.84

60

60.17

65.56

65.73

66.84

70

71.11

71.28

76.67

76.84

8O

82.22

82.40

14.00

20

20.31

26.31

30

30.31

32.00

40

40.31

44.31

50

50.31

60

60.31

62.31

68.00

7O

70.31

80

80.31

86.00

90

90.31

98.31

loo

100.31

104.00

110

110.31

116.31

120

120.31

122.00

130

130.31

134.31

140

140.31

150

150.31

152,31

158.00

160

160.31

170

170.31

176.00

180

180.31

480

490

5OO

510

520

530

540

550

560

570

580

59O

6OO

610

620

630

640

473.69

479.69

486.0O

489.69

491.69

499.69

504.OO

509.69

519.69

522.00

527,69

529.69

539.69

545.69

549.69

558.00

559.69

563.69

569.69

576.OO

579.69

581.69

589.69

594.00

599.69

609.69

612,00

617.69

619.69

629.69

635.69

639.69
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TEMPERATURE I NTEIICON VERSION S-- Conl.hldod

t °K, °C ......

_°R, °F ......

1.8

10.8

3.6

12.6

AT

s - 712 9.o
5.4 ......

14.4 | i 16:2_ L_ 18..0

o. o0...._ 1111.67
o_F ...._10 11 1_
[ _KKI _C --_-15.56 " 6.11 6.67

AT

7]8 9
-=13- 14:= 15 [ =16 17 -18

-7.22| 7_78_ 8133 _ 8_89_91._4 [ 10.00

°K

300

360.94

361.11

363.16

366.49

366.67

370

372.05

372.22

373.16

377.60

377.78

38O

383.16

383.33

388.72

388.89

39O

393.16

394,27
394.44

399.83

4OO

90

lOO

110

120

°C

86.84

87.78

87.95

9333

93.51

96.84

98.89

99.06

104.44

104.62

106.84

110.17

115.56

115.73

116.84

121.11

121.28

126.67

126.84

oF
18S.31

190

1(,}(}.31

194.00

200

2(XL31

206.31

210

210,31

212.00

220

22031

224 31

230

230.31

240

24O .31

242.31

248.00

25O

250.S1

26O

200 31

°R

648.00

649.69

650

653_9

659.69

660

666.00

669.69

670

671.69

679.69

680

684.00

689.69

690

69969

700

702.00

707.69

709.69

710

719.69

72O
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CONVERSIONFACTORSFORLENGTH

t
cm

1

10'

10 _

10 `7

lO _

I_IIll

10

1

10 _

10 7

___ crn [ m

1 _ 0.01

100 _ 1
T

2.5400051 | 0.025400051

_ 30.480061 __

/z

10'

l0 s

10 _

10 _

m_ A

10' 104

I0" 10 r

10 a lO*

1 10

101 1

in.

0.3937

39.37

0.032808333

3.2808333

1 0.083333333

0.30480061 12 1

CONVERSION FACTORS FOR AREA

n? sq in. sq ft

10' 0.15499969 1.0763367XI0 3

1 1549.9969 10.763867

6.4516258X10" 1 6.9444444X10 _

-4

{tnl 2

1

10'

6.4516258

929.03412 0.092903412 144

CONVERSION Fht_l'OlIS FOR VOLUME

cm a

1

16.387162

cu in.

0.061023378

cuft

3.5314455)<10 -_

ml

_ 0.9999720

liter

0.9999720X10 s

gal

2,6417047X10 *

1 5.7870370X10 4 16.38670 1.638670XI0 2 4.3290043X10 a

28317.017 1728 1 28316.22 28.31622 7.4805195

1.000028 0.06102509 3.531544X10 5 1 0.001 2.641779X10 -_

0.0353154461.02509 1000 1
I

3785.329 13.785329231

1000.028

3785.4345 0.13368656

0.2641779
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CONVERSION FACTOI1S FOR _IAS,'<

g kg lb mot riv Ion ton

1 l0 a 2.2046223X 10_ 10 _ 1.1023112 X10 -_

103 1 2.2046223 1W' 1.1023112 X 104

453.59243 0.45359243 1 4.535923 J X 10 _ 5X10 _

l0 _ l0 :_ 2204.6223 1 I 1.1023112

i .......

907184.86 ' 907.18486 2000 _ 0.907184S6 ] 1

CONVERSION FACTORS }Y)R _PE('I[.'I_: HE,_T

..... 0.239006 [i | i 0.23*849

1.000654 L 4.18674. _ 4.1'674 J I

CONVERSION FA(:'IX_RS }X)R ]_}NTtfAI.I'Y

cal/I£ 1 /_ _ -,,/r

1 _ 4.1,40_ 41_40
02390®_ 1 _ _ 1
0.555919 2.32597 | 2.32597

/

Btu/lb

1.798823
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CONVERSION FACTORS FOR DENSITY

g/tin '_ g/in? kg./gal kg/ft s lb/gal lb/ft a

1 16.3872 3.78543 28.3170 8.34545 62.4283

0.0610232 1 0.23100 1.72800 0.509268 3.80959

0.264171 4.32900 1 7.48052 2.20462 16,4917
i

0.578704 0.133681 1 0.294715 [ 2.20462
/

1.96360 0.453592 3,39311 1

0.262496 0.0606365 0.453592 0.133681

6.0353145

I 0.119826 I

t 7.480521

CONVERSION FACTORS FOR SURFACE TENSION

dyne/era erg/em _ rag/ram mg/in, lb/ft

1 1 0.10197 2.5901 6.853X10 _

9.80665 9.80665 1 25.400051 6.72 X 10-*

0.38609 0.38609 0.03937 1 2.6459 X 10 _

14592.15 14592.15 1488 37794 1

CONVERSION FACTORS FOR VISCOSITY •

L_poise _ ( lb force ) (see)/ft _ lb mass/ft-sec

1 2.0886 X 10 -8 0.0672

4.788X10 s I 32.174

14.9 3.108X 10 -s 1

• Absolute viscosity ; kinematic viscosity = absolute viscosity/density.
b Poise = 1 (dyne) (sec)/emS= 1 g/(cm)(sec).
e 1 (lb force)(sec)/ft m= 1 slug/ft-sec.
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INDEX

[Numbers in parentheses refer to sections.]

Characteristics :

, Fluorine and FLeX (3.1), 49
Clean room :

Cleaning procedure (5.2.6.3), 207
Design (5.2.6.3), 207

Cleaning and pass[vat[on :

External surfaces of systems (6.2.2),
214

Metallic components (6.2.1), 213

Nonmetallic components (6.2.6), 216

Precautions (6.2.3, 62.4), 215

Systems-

That can tolerate vacuums (6.2.3),
215

That cannot tolerate vacuums

(6.2.5), 216

Compatibility :
Fluorine and FLEX:

With metals (3.2), 54

With nonmetals (3.3), 81
Contaminants:

Cleaning and pas.sivation (6.2), 212

In pressurant gases (5.2.6.1), 205

Organic material (carbon) (3.1.2.2),
53

Water (3.1.2.1), 52
Corrosion :

Effect of hydrogen fluoride in fluo-

rine (3.2.2.1), 57

Flight vehicle (7.4). 228

Fluorine caused (3.2.2), 57

Hydrogen fluoride with various

metals (table 3.-IV), 63

Disposal (fluorine or FLEX) :

Considerations in facility design
(5.2.3), 188

In laboratories (4.8.2), 172

Methods and system design for fa-

cilities (4.8.1), 166
Elastomers :

Compatibility with fluorine and

FLeX (3.3), 81

Cleaning for fluorine service (6.2.1),
213

Use as soft seals in vah'es (3.3.4).
109

Exposure (personnel) to fluorine or
FLeX :

Emergency treatment (9.2.4), 248

Physiological indications (9.2.1), 244

Protective clothing and equipment

(9.3), 249

Toxic exposure limits (9.2.2), 245

Fabrication :

Metal systems (4.9), 173

X-ray inspection (4.9), 173

Facilities :

Fluorine and FLEX:

Design considerations (5.2), 183

Site evaluation for (5.2.4), 192

Films :

Fhmride (3.2.2.2), 63
Characteristics and thickness

(3.2.2.2), 63

First aid treatment (9.2A), 248

Fhmride films (see Films fluoride)
Fluorine :

Physiological indications of pres-

ence of (9.2.1), 244

Production (8.1), 231

Reaction characteristics of (3.l.1),
49

Toxicity limits for exposure to

(9.2.2), 245

Historical background of fluorine pro-

grams (1.1), 2
At Lewis Research Center (1.2), 2

Insuhtion :

Techniques (4.1.1). 121

Instrumentation:

General requirements for fluorine

service (4.6.1), 157

Flow measurement (4.6.2), 157

Liquid level or quantity measure=

ment (4.6.5), 160
Pressure measurement (4.6.3), 158

Temperature measurement (4.6.4),
159

To measure hydrogen fluoride or

fluorine pollution in atmosphere

(5.2.5.6), 203
To monitor fluorine concentration

in FLOX (5.2.5.7), 205

Launch vehicle system requirements:

Cleaning and pass[vat[on (7.3), 225

Compatibility evaluation and re-

quirements (72), 225

Corrosion considerations (7.4), 228

Design considerations (7.1), 223
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Lines.joints,andfittings:
Fa[u'ieationandinst'dlation(4.9),

173
Hang,'fittings(4.3.2),135
Flaredlube and eon_pression fit-

tings (4.3.1). 134

Quick disconnect couplings (4.3.4),
137

Threaded titl ings (4.3.3). 136

Maintemm('e procedures :

Mobile storag(, system (8.4). 237

Safe work practic('s (9.3.1), 251

Standard operating waetices (6.1),

209

Medical:

First aid proe('dur('s (9.2.4), 248
Preventive m(,dicine program

(9.2.3), 247

Training of mt'dieal staff (9.1.4),

244

Metals :

Chemical effects from eXl>Osure to

fluorine (3,22), 57

Effects of pressure and flow on fluo-

rine compatibility (3.2.1), 56

Ignition temp(,ratures in fluorine

(3.2.4), 78

Materials for fluorine pumps (4.5.4),

156

Mechanical lwoperties effects from

exposure to fluorine (3.2.3), 72

Miscibility

IA(luid fluorine in liquid oxygen

(22), 8

Mobih, storage systems :

Design (4.1.3), 126

Emergency equipment (8.2.3), 233

Emergency (in-transit) procedures

(8.5). 241

Leak tests (8.4.3), 240

Operating procedures (transfer)

(83), 233

Routine maintenance (8.4), 237

Passivation :

Procedures for (,leaning and pas-

sivation (6.2), 212

Unit to supply passivation gas
(5.2.6.4). 207

Pollution from ttuorine spills or re-
lpases :

Release modes (5.1.2), 180

Predi(q ion (5.2.4), 192

Sources (5.1.1), 178

Pressurant gases:

Sl)eeifical ions (5.2.6.1), 205

(.;as driers (helium and nitrogen)

(5.2.6 2 ), 206

D(,w poin_ (5.2.6.2), 206

Pressurizati(m gas systems (5.2.6.1),

205

Propert ies :

Thermodynamic, chemical, and

physical

FLeX (2.2), 8

Fhmrin,' (2.1), 7

H(,lium, nitrogen, oxygen (table

2-I), 12

Protectiv(, clothing and equipment

(9.3), 249

Pumps (Flu(win(.):

])evelopm_'nt (4.5). 148

l)ylmmic spals (|.5.3), 155

IIousing and impvlh,r (4.5.2). 151

Mat_,rials s,,l-cti(m (4.5.4). 156

Reactions :

Fluorine and HA)X:

Wilh ,.harcoal (a.1.2.2, 3.4, 4.8.1.1),

53, 110. 1(;6

With common materials (3.4), 110

With waier (3.1.2.1), 52

With m,,tals (3.2). 54

With n(mnwt:d (3.3), 81

Refrigeration s3st_ ms:

Con&,nsers (4.7.2), 163

Subeoolers (4.7.3), 165

ITs(, (4.7), 16;I

Releases (fluorine or FLOX) t,o at-

nlosphero :

Downwind pollution prediction

(5.2.4), 192

Release modes (5.1.2), 180

Safety (personnel) :

Emergency lre'itment (first aid)

(9.2.4). 248

Familiarization and training (9.1),

243

Medi('al program (9.2), 244

Safe work practices (9.3.1), 251

Standard operating practices (6.1),

2O9

Storagp tanks :

Fabri(.ati(m (4.9), 173

Facility siora_e (4.1.1), 121

Mobile storage (4.1.3), 127

Use tanks (.1.1.2), 124

Training :

Medical staff (9.1.4), 244

Personnel (9.1), 243



Transfer operations :

FLOX system (8.4), 219
Mobile storage (trailer to trailer)

(8.3), 233
Valves :

All-metal conical design (4.4.2), 143

Check (4.4.5), 147

Operators (4.4.6), 147

INDEX

Pressure re_uhtfin_ (4.4.3), 146

Pressure relief (4.4.4). 146

Soft-seal design (4.4.1), 142

Installation (4,9), 173

Wehls :

Techniques (4.9,3), 174

X-ray insl)ection (4.9.1), 173
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